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1.0  Abstract 


A collection  of  physical  and  mechanical  properties  have  been 
examined  for  20%  gelatin  gels  made  from  Fharmagel  A,  Among  those 
parameters  measured  arc  density,  thermal  conductivity,  specific  heat, 
specific  capacitance,  ultrasonic  wave  velocity,  and  coefficient  of 
rolling  friction.  The  critical  field  strength  above  which  electrical 
properties  change  radically  is  documented.  An  equivalent  passive 
circuit  model  is  proposed.  Fracture  stress  and  elastic  moduli!  are 
measured  for  strain  rates  from  6 x xO”^  sec”  to  975  sec”1.  Shear 
stress  at  fracture  and  shear  modulii  are  measured  for  strain  rates 
from  8 x 10“3  sec-1  to  0.4  sec-1.  Fracture  strains  are  also  documented 
for  many  strain  rates.  The  gelatin  is  examined  for  piezo-electric 
effects  and  electro-optic  effects  which  would  modify  its  stress  bire- 
fringence by  application  of  an  electric  field.  Surface  polarization 
effects  are  also  examined.  The  nature  of  the  fracture  surface  as  a 
function  of  crack  propagation  rate  is  characterized.  A visco -elastic 
transition  strain  rate  is  also  documented.  Finally,  changes  of  density 
with  storage  time  at  fixed  temperature  and  humidity  and  changes  of 
density  with  variations  in  composition  are  examined. 
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2,0  Introduction 


The  objective  of  this  work  has  been  to  characterize  certain 
physical  and  mechanical  properties  of  a particular  production  lot  of 
gelatin,,  To  make  meaningful  measurements,  it  Is  first  necessary  to 
create  reproducible  material  for  test  specimens,  and  to  create  a re- 
producible set  of  test  conditions.  Given  these  conditions,  it  is  then 
possible  to  proceed  with  experiments.  The  choice  of  parameters  meas- 
ured has  been  motivated  by  two  considerations.  The  first  is  to  provide 
numbers  for  usa  in  models  of  dynamic  behavior  at  high  strain  rates. 

The  second  is  to  examine  properties  which  might  lead  to  better  ways  of 
obtaining  documentation  of  dynamic  deformation  at  high  strain  rates, 

3.0  Chemistry  of  Gelatin 

The  term  "gelatin**  is  used  to  refer  to  a yellow-white  powder,  100% 
protein,  extracted  by  acid  or  base  hydrolysis  from  collagen the  main 
matrix  material  of  hide,  bone  and  connective  tissue.  The  term  "gelatin** 
is  also  used  to  refer  to  a water  solution  of  this  pooler.  Gelatine 
refers  u>  the  material  extracted  by  acid  or  base  hydrolysis  before 
electrolytes  have  been  removed.  When  the  electrolytes  are  removed  (with 
ion-exchange  resins),  the  purified  material  is  gelatin. 

Gelatin  (the  powder)  is  an  aggregate,  that  is,  there  is  no  single 
molecular  size  and  formula.  Instead,  gelatin  is  a collection  of  large 
protein  molecules  similar  in  amino  acid  composition.  In  a given  gela- 
tin sample  there  may  be  molecules  of  17,000  m.w.  and  others  of 

300.000  m.w.  Thus  only  the  average  molecular  weight  can  be  used  in 
characterizing  the  gelatin. 

Collagen  is  a structural  protein  in  animal  tissues.  Some  authorities 
believe  there  is  a basic  repeating  unit  in  collagen,  known  as 
tropocollagen.l*  The  existence  of  tropocollagen  is  not  generally  rec- 
ognized, There  is  not  conclusive  evidence  to  prove  or  deny  its  exis- 
tence. Collagen's  main  importance  is  in  gelatin  manufacture.  Therefore 
collagen  research  has  not  been  extensive  except  as  it  relates  to  gela- 
tin. 


Gelatin  is  extracted  ftom  hide  or  other  tissue  by  hydrolysis  of  the 
collagen  molecule  into  smaller,  water-soluble  units  in  dilute  acid  or 
base.  Gelatin  extracted  in  acid  differs  from  gelatin  extracted  in  base. 
In  fact,  gelatin  extracted  at  one  pH  differs  from  that  extracted  at 
pH  + one  unit  in  either  direction, 2 It  would  appear  that  the  bonds 
broken  (nydrolyzed)  in  acid  differ  from  those  hydrolyzed  in  base.  This 
is  consistent  with  the  general  properties  of  long  organic  molecules. 

Not  only  is  the  extracted  material  characteristic  of  and  dependent  on 
pH,  but  it  is  similarly  dependent  on  electrolyte  concentration.  Gelatin 
can  be  "salted  in"  or  "salted  out"  of  solution, 3 Low  concentrations 
of  electrolyte  aid  in  dissolving  gelatin,  and  high  concentrations  reduce 
gelatin  solubility. 


There  are  ionizable  hydrogen  ions  on  the  amino  acid  residues  that 
will  come  off,  depending  on  pH,  to  give  the  molecule  a charge.  There 
is  a pH  where  the  protein  molecule  as  a whole  is  neutral,  and  will  not 
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migrate  in  an  electric  field.  Ms  point  is  the  pi,  the  isoelectric 
or  isoionic  point.  Hie  pi  is  one  parameter  used  to  characterize 
gelatin. 

Gelatin  solutions  above  (w/w)  gelatin  (in  H2O)  have  a sol  to 
gel  transition.  In  the  sol  form,  th8  solution  cannot  support  its  own 
weight.  In  the  gel  form,  the  solution  can  support  its  own  weight  and 
can  be  molded  into  various  shapes.  This  transition  is  temperature  and 
concentration  dependent.  The  sol-gal  transition  temperature  is  actually 
a range  of  temperatures.  If  you  heat  a gel  to  make  the  sol  form,  the 
transition  temperature  will  be  higher  than  if  you  coll  the  sol  to  form 
the  gel.  Hie  transition  range  is  about  $°,  (Our  gelatin  solutions  are 
20/S  and  the  sol-gel  transition  range  is  just  above  room  temperature, 
30-35°C.) 

The  thermal  history  of  gelatin  solutions  is  very  important. 5 Heat 
tends  to  break  down  the  gelatin  molecules  and  changes  the  nature  of  the 
solution.  This  process  is  an  acceleration  of  the  process  known  as 
ageing,  where  the  inter-  and  intramolecular  bonds  break  and  reform  into 
a least  energy  configuration.  This  is  a continual  process,  hastened 
and  sometimes  even  altered  by  bacterial  action  and  thermal  history. 

Once  a least-energy  configuration  is  reached,  it  is  not  necessarily 
stable,  A large  protein  molecule  such  as  gelatin  has  a three-dimensional 
structure  and  shape  where  the  chain  folds  over  itself  and  bonds  form 
between  different  parts  of  the  chain.  Because  of  this  structure,  there 
are  sometimes  stresses  along  the  chain  such  that  when  one  bond  is  broken 
or  formed  along  the  chain,  other  bonds  are  then  affected.  There  is  no 
single  final  structure  to  end  this  sequence  of  changes.  Eventually,  the 
chain  becomes  small  enough  that  it  is  relatively  stable,  but  by  that 
point  the  chain  is  so  small  that  it  could  hardly  be  called  gelatin,  as 
we  know  it.  The  thermal  history,  the  temperature  changes  over  time, 
greatly  affects  the  structure  and  thus  the  properties  of  gelatin.  A gel 
solution  cooled  down  to  25°C  from  <40°  will  differ  in  composition  and 
properties  from  a gelatin  solution  warmed  to  25°  from  10°. 

Gelatin  is  an  aggregate,  a collection  of  long  chain  molecules  similar 
in  amino  acid  composition.  As  a powder,  it  can  sit  for  months  with  no 
noticeable  change  in  composition, ° But  a gelatin  solution  undergoes 
noticeable  change  (ageing)  in  several  days.  There  are  several  important 
parameters  to  control  in  making  gelatin  solutions.  These  are  listed  and 
dealt  with  in  the  section  on  preparing  reproducible  samples. 

h.O  Preparation  of  Reproducible  Samples 

The  first  step  in  the  program  was  to  make  a reproducible  gelatin 
solution.  Interested  in  the  quality  control  in  gelatin  manufacture,  we 
contacted  Kind  and  Knox,  producers  of  Pharmagel  A,  ordnance  type  gelatin. 7 
From  their  information  we  ascertained  that  the  only  conventional  quality 
control  between  lots  is  th-  Bloom  jelly  strength  t -st.  A given  batch 
of  gelatin  must  have  a jolly  str  ength  within  certain  limits  ofa  standard, 
so  that  all  batches  of  certain  type  of  gelatin  have  approximately  the 
same  jelly  strength. 

We  concluded  that  the  bust  way  to  insure  a homogeneous  gelatin  supplv 


was  t-o  purchase  all  the  test  gelatin  from  one  lot.  Our  test  gelatin  is 
from  lot  14,  Kind  and  Knox  ordinance  type  Iharmagel  A.  The  balance  of 
the  lot  was  purchased  by  BRL.  Thus,  the  gelatin  we  are  testing  is  from 
the  same  lot  as  that  which  BRL  will  later  use  in  their  test  program. 

The  water  used  in  making  ‘-.he  sample  gelatin  is  distilled,  deminer- 
alxied  water,  boiled  before-  use.  Distilled  water  was  commercially  ob-' 
tained,  and  then  passed  through  an  ion-exchange  resin  cartridge  before 
use.  The  water  was  boiled  before  use,  not  to  get  rid  of  C0„  but  to 
kill  bacteria. 

Initially,  several  methods  of  gelatin  solution  preparation  were 
attempted.  Low  speed  stirring  solves  the  problem  of  foam  developing 
on  the  top  of  the  solution.  But  clumping  of  the  gelatin  is  a problem 
then.  High  speed  stirring  reduces  the  clumpin  but  then  foam  is  a 
problem.  Of  the  two,  the  foam  was  less  of  a problem  than  the  clumps. 

The  small  clumps  cf  gelatin  are  caused  when  the  gelatin  powder  imbibes 
water.  They  will  eventually  dissolve.  But  if  one  wishes  to  immediately 
cast  the  gelatin  in  a mold,  the  elupps  and  foam  must  be  draw"  off  and 
discarded. 

There  is  a method  of  gelatin  solution  preparation  that  simply  calls 
for  the  gelatin  to  b.,  added  <o  water  without  mixing  of  any  sort.  The 
gelatin  forms  one  large  lump,  and  eventually  goes  into  solution.  During 
this  process,  the  water  must  be  kept  at  65-?0°C.  After  15-20  minutes, 
the  solution  is  stirred  slightly.  This  method  of  preparation  was  unac- 
ceptable because  the  gelatin  solution  is  at  elevated  temperature  for  too 
long.  Also  in  making  up  large  samples,  without  thorough  mixing,  the 
solution  cannot  be  homogeneous.  Therefore,  it  did  not  su*t  the  purpose. 

In  making  up  samples  for  the  Bloom  gelometer  test  (test  of  jelly 
strength)  the  samples  are  made  by  a variation  of  the  above  technique. 

Only  small  samples  are  made  up,  and  they  are  meticulously  mr  ie.  7.50  g 
of  gelatin  are  weighed  into  a special  Bloom  bottle.  105.0  g of  dis- 
tilled water  at  25°  are  added.  During  this  addition,  the  solution  is 
stirred  with  a brass  stirring  rod.  The  sample  is  allowed  to  stand  1-3 
hours.  The  bottle  is  placed  in  a 65°  C bath  for  8-10  minutes  and  stirred 
"just  enough  to  effect  thorough  mixing,  ""  until  the  temperature  is  6l°. 

At  this  time,  if  viscosity  of  the  sample  is  to  bo  determined,  part  of 
the  sample  is  removed  and  its  viscosity  measured.  The  sample  bottle  is 
then  placed  in  a 45°  bath  for  30-40  minutes.  The  bottle  is  inverted 
several  times  to  mix  in  any  water  condensed  above  the  liquid  level,  foam 
is  removed,  and  the  sample  placed  in  a 10°  bath  "undisturbed  for  not 
less  than  16  nor  more  than  18  hours, Then  the  measurement  is  made.  The 
measurement  made  is  the  mass  of  lead  shot  poured  into  a receiver  on  top 
of  a plunger  to  depress  that  plunger  a certain  distance  (4  mm)  into  the 
gelatin.  If  it  takes  300  grams  of  polished  lead  shot  to  depress  the 
plunger  that  distance  into  the  sample,  the  sampl-  is  said  to  be  300 
bloom. 


This  is  the  test  used  by  gelatin  manufacturers  co  test  individual 
lots  of  gelatin.  This  is  the  cnly  test  mentioned  in  the  literature 
specifically  for  quality  control.  This  test  controls  thermal  history, 
and  ageing,  by  specifying  time  and  temperature.  Because  of  the  nature 


of  the  substance  gelatin,  thermal  hisv  ry  a?vi  ageing  must  be  specified. 

But  that  does  not  make  the  Bloom  gelomev^r  test  a valid  test  of  repro- 
ducibility of  sample,  As  of  now,  there  it  no  accepted  tust  of  repro- 
ducibility other  than  this. 

4.1  Small  Sample  Method  (500g) 

During  the  first  quarter  of  the  program,  a 500  gram  sample  of  gelatin 
solution  was  made  in  the  following  manner*  400  grams  of  distilled, 
demineralized  water  are  brought  to  a boil,  then  allowed  to  cool  slightly, 
(A  small  amount  of  jater  is  lost  due  to  the  boiling,)  Enough  water  is 
added  to  the  boiled  water  to  make  400.0  grams.  If  the  temperature  is 
not  now  at  75°C  after  the  addition  of  the  small  amount  of  water,  it  is 
allowed  to  cool  to  that  temperature.  100  grams  of  gelatin  is  added  to 
the  water,  in  m slow  even  stream,  while  the  water  is  stirred  with  a 2” 
high  speed  stirrer.  If  ine  water  is  stirred  at  high  speed,  ard  the 
gelatin  added  slowly,  and  evenly  in  a fine  stream,  there  will  be  a good 
mix,  without  clumping.  Any  small  clumps  which  may  develop  can  be  dis- 
solved by  high-speed  stirring.  The  gelatin  aolutJ'i  should  now  be  at 
50-6 0°C , «nd  can  be  poured  into  molds  easily.  Any  bubbles  or  foam  should 
be  removed  with  a spoon  before  pouring. 

At  the  end  of  the  first  quarter,  three  revisions  were  made  in  this 
method.  First,  the  temperature  of  mixing  gelatin  with  water  was  decreased 
from  75°G  to  70°C.  Second,  the  gelatin  was  added  to  the  water  more 
quickly.  Finally,  the  gelatin  was  sealed  and  allowed  to  stand  at  room 
temperature  (approximately  20°C)  until  90  minutes  lapsed  from  the  time 
the  gelatin  was  initially  added  to  the  water. 

Since  heat  tends  to  break  down  the  gelatin  molecules  end  change  the 
properties  of  its  solution,  we  were  interested  in  minimizing  temperatures 
used.  It  was  found  chat  the  gelatin  can  still  be  dissolved  completely  to 
form  a 20  per  cent  solution  when  the  temperature  is  lowered  from  ?5°G  to 
70°C.  The  lower  temperature  should  decrease  the  rate  of  gelatin  degrada- 
tion, During  all  subsequent  work,  all  samples  were  prepared  by  mixing 
the  gelatin  at  70°G. 

During  the  first  quarter  the  gelatin  was  added  slowly  and  evenly  in 
a fine  stream.  In  the  revised  method,  the  gelatin  is  added  more  rapidly 
Into  solution,  still  in  an  even  stream.  Any  clumps  which  are  formed  are 
dissolved  by  high  speed  stirring,  Less  foam  was  produced  by  this  tech- 
nique. For  example,  2-1 5g  of  foam  is  produced  in  a 500g  batch  of  gelatin. 

The  time  needed  to  dissolve  any  clumps  varies  from  sample  to  sample. 
Air  bubbles  end  foam  may  still  be  interspersed  throughout  the  gelatin 
solution  15-20  minutes  after  stirring.  Therefore,  each  sample  was  sealed 
with  aluminum  foil  after  stiicing,  and  allowed  to  stand  until  90  minutes 
had  lapsed  from  the  time  th  gelatin  powder  was  first  introduced  to  the 
water,  before  casting.  This  v.as  to  insure  that  all  the  foam  has  risen 
to  the  surface.  The  temperature  of  the  gelatin  decreased  from  the  initial 
70°G  to  40-4- 5°C  each  time  before  casting. 

As  a preservative,  0,02ml  of  cinnamon  oil  is  added  to  each  5OQ5  gela- 
tin batch  during  mixing. 


4,2  Large  Sample  Method  (8?5Qg) 

About  one  hundred  blocks  of  20  per  cent  gelatin  Mere  needed  for  the 
density  experiment.  To  guarantee  that  the  initial,  densities  of  all  the 
blocks  were  identical,  the  blocks  were  all  cast  at  one  time  from  one 
large  batch.  Several  adaptations  of  the  method  developed  in  the  first 
quarter  for  5^0g  samples  were  atteapted.  First,  a portable  household 
mixer  was  tried,  It  completely  dissolved  the  i.SOOg  of  gelatin*  but 
600g  of  foam  was  produced.  The  gelatin  density  was  then  measured  and 
found  to  be  1,052  + 0.003g/ml,  The  density  of  20  per  cent  gelatin  from 
small  sample  preparation  is  1,059,  + .001g/ml.  Apparently,  the  foam 
is  not  the  same  composition  as  the  solution.  Therefore  the  amount  of 
foam  produced,  affects  the  gelatin  density. 

In  order  to  minimize  the  amount  of  foam  produced,  a second  adapta- 
tion was  to  go  back  to  the  stirrer  used  in  the  small  sample  preparation 
and  use  it  for  a large  gelatin  batch.  Complete  solution  occurred  and 
only  300  grams  of  foam  was  produced.  The  density  of  the  gelatin  was 
1.054  + 0,002g/ml,  This  arrangement  was  rejected  because  the  small 
stirrer  did  not  appear  to  mix  the  enti;re  batch  homogeneously. 

By  using  a larger  stirrer  (4"  x 5"  oval  steel),  a high  speed  mixer* 
a temperature  of  68-72°C  during  mixing,  a 10  liter  container,  and  a 2 hr. 
mixing  time,  gelatin  with  a density  essentially  equal  to  small  sample 
gelatin  density  was  produced  (1,063  + 0,005  g /ml).  Holding  the  temper- 
ature at  68-72°C  helps  put  the  gelatin  into  solution.  The  larger  stirrer 
at  high  speed  mixes  the  gel  solution  more  uniformly.  (For  diagram  of  the 
large  sample  apparatus  see  Figure  l).  Mixing  for  shorter  times  (eg  \ hr.) 
gave  rise  to  large  deviations  in  density,  apparently  due  to  inhomogenei- 
ties. 

The  large  gelatin  batch  was  prepared  by  first  heating  7.000kg  of 
demineralized  distilled  water  to  boiling  and  then  allow  it  to  cool  to 
about  75°C.  Enough  demineralized  distilled  water  was  added  to  make  up 
for  the  water  boiled  off  and  then  the  water  was  cooled  to  70°C.  At  ?0°C, 
the  gelatin  was  added  slowly  in  five  350g  portions  over  a two  hour  period 
to  form  the  20  per  cent  solution.  The  temperature  was  kept  at  68-72°C 
to  ease  mixing  and  high  speed  stirring  was  used  to  dissolve  any  clumps 
formed.  Cinnamon  oil  (O.^Smi)  was  added  a 3 a preservative  during  mixing. 
After  mixing,  the  gelatin  solution  set  for  20  minutes  to  allow  the  foam 
to  rise  toward  the  surface.  The  foam  was  removed  and  the  gelatin  was 
siphoned  into  polystyrene  cups.  The  cups  were  sealed  with  aluminum 
foil  and  placed  overnight  in  the  refrigerator.  The  rext  day  (13-14  hours 
later)  the  gelatin  blocks  were  placed  in  constant  huriidity  chambers. 
Appendix  A lists  density  measurements  for  some  selected  typical  examples 
of  both  the  small  and  lrige  sample  preparation  methods, 

5,0  Thermal  Conductivity 

Thermal  conductivity  is  an  experimentally  measured  quantity.  By 
designing  apparatus  such  that  heat  flow  is  one-dimensional,  experimental 
design  and  interpretation  is  simplified.  Our  experimental  design  ap- 
proximated one-dimensional  heat  flow  by  casting  polyurethane  insulation 
tightly  around  the  heat  source  and  gelatir  specimen.  Figure  2 shows  the 
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! apparatus  design.  Temperatures  on  either  side  of  the  specimen  are 

measured  by  iron  constanvan  thermocouples.  The  host  sink  la  & copper 
crucible,  filled  with  melting  ice.  By  keeping  the  copper  crucible 
filled  with  ice,  its  temperature  can  be  kept  constant  without  gradients 
inside  the  crucible.  This  is  particularly  important  once  the  steady 
state  is  reached.  Joule  heating  la  used  to  accurately  put  a known  quan- 
tity of  heat  per  unit  time  into  the  6ouroe.  'Jhe  source  is  a copper 
crucible  with  a resistor  imbedded  in  carbon  inside.  The  crucible  is 
| sealed  and  inverted.  The  carbon  serves  to  spread  out  the  heat  uniformly 

! and  the  copper  provides  good  thermal  contact  with  the  gelatin  specimen, 

| Gelatin  was  prepared  by  the  small  sample  method. 

The  data  for  thermal  conductivity  runs  is  given  in  Appendix  2,  For 
! the  first  run,  a 300  ohm  resistor  was  imbedded  in  the  copper  crucible. 

I The  temperature  difference  between  top  and  bottom  of  th»  gelatin  spec- 
imen was  8,8°,  A 12  V potential  was  placed  across  the  resistor,  giving 

j 0.480  watts  of  power,  A value  of  0,00089  cal/(sec  cm2)  (°C/cm)  was 

■ calculated. 

; This  first  run  was  done  to  experiment  with  the  proposed  technique, 

mnre  than  to  measure  thermal  conductivity  accurately.  Improvements 
were  mads  in  the  insulation  and  the  heating  unit.  For  the  next  run,  a 
200  ohm  resistor  was  1 1 bedded  in  the  copper  crucible  heat  source.  >\ 

12  V potential  is  again  placed  across  the  resistor.  The  temperature 
differential  of  20,6^  was  measured.  The  thermal  conductivity  calculated 
from  this  run  is  O.OOO85  cal/  (sec  cm2)  (°C/cm). 

The  third  run  was  done  with  exactly  the  same  equipment  and  condi- 
tions. The  temperature  differential  was  19.8°^,  The  calculated  ther- 
mal conductivity  here  was  0.00081  col/  (s  c crc")  (°C/cm). 

The  average  thermal  conductivity  as  measured  is  0,00085  cal/ 

(sec  cm2)  (0C/cm).  The  value  for  water  is  0.0014  cal/  (sec  ca2)(°C/ca).^0 

6,0  Specific  Heat 

The  procedure  for  measuring  the  specific  heat  of  20$  gelatin  gel  has 
undergone  major  modifications.  The  initial  procedure  was  to  have  a gela- 
tin sample  at  one  temperature  and  a bath  at  a higher  temperature.  The 
gelatin  warms  up  as  the  bath  cools  down.  The  heat  lost  by  the  bath  should 
equal  the  heat  gained  by-  the  gelatin  sample.  See  Appendix  C for  method 
of  calculation. 

For  the  first  run,  ninety  gramc  of  gelatin  prepared  by  the  small 
sample  method  was  cast  into  a 100  ml  beaker.  The  gelatin  and  beaker 
were  allowed  to  equilibrate  at  6°  G in  the  refrigerator,  overnight. 

300  g o’?  water  (distilled)  was  placed  in  a large  Dewar  flask.  The  beaker 
with  th  > gelatin  in  it  is  placed  in  the  bath  suspended  by  a thin  wire 
hanger  so  that  the  level  of  the  bath  is  only  l/2  inch  below  the  lip  of 
the  beaker.  Temperature  of  the  bath  and  of  the  gelatin  is  monitored  by 
thermocouples.  The  Dewar  is  sealed  with  a styrofoam  lid  which  fits  down 
inside  it.  The  bath  water  is  initially  at  room  temperature,  26.5°C,  and 
the  gelatin  block  at  6,5°.  When  equilibrium  is  established,  both  the 
bath  and  the  gel  are  at  25°  C,  Assuming  th8  specific  heat  of  gelatin 
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to  be  constant  over  the  range  involved,  the  specific  heat  of  water  could 
be  used  to  calculate  the  specific  heat  of  gelatin.  The  experiment  was 
repeated  using  water  at  6.  *5°  in  a beaker  instead  of  gelatin  in  the 
beaker.  This  technique  showed  gelatin  to  have  3 specific  heat  of 
0.344  cal/g/°C.  The  second  run,  done  in  the  exact  same  manner  gave  a 
value  of  1.06  cal/g/°C,  followed  by  values  of  0.843,  1.57»  etc.  See 
Figure  3»  class  1. 

The  first  modification  in  technique  was  the  use  of  hexane  in  the 
bath  instead  of  water.  This  allowed  us  to  imnerse  the  gelatin  blocks 
directly  in  the  bath  without  the  glass  beaker.  (See  paragraph  7.0  for 
the  justification  of  this  method).  This  allowed  for  faster  equilibration. 
In  this  same  modification,  the  Dwwar  was  assumed  to  have  no  heat  loss 
under  the  temperature  gradient  of  the  experiment  and  in  the 
time  necessary  for  equilibrium,  about  20  minutes.  The  validity  of  as- 
suming no  heat  loss  through  the  Dewar  rests  in  an  experiment  where  200  g 
of  hexane  were  placed  in  the  Dewar  at  4-5°  above  ambient  tempera ture. 
Temperature  of  the  solution  was  monitored  over  time,  and  no  noticeable 
temperature  difference  was  recorded  in  a 45  minute  period.  Also  th-. 
idea  of  preconditioning  the  Dewar  to  the  hexane  temperature  prior  to 
the  run  was  initiated  here.  Ihis  was  to  insure  that  the  Dewar  is  not 
taking  heat  from  the  bath. 

This  method  gave  values  like  I.65,  1.60,  1.18,  1.09,  1.13*  »68,  etc. 
ar.d  offered  little  improvement  over  earlier  work  as  far  as  reproducibil- 
ity and  consistency  of  specific  heat  values.  See  Figure  3*  class  2. 

During  this  time  three  runs  on  samples  from  the  same  batch  of  gelatin 
gav--  a value  of  1.13jp.03.  This  is  the  greatest  precision  found  between 
different  samples  from  the  .ne  batch,  while  its  precision  is  high, 
the  accuracy  of  this  number  was  in  doubt.  More  runs  were  undertaken  to 
prove  or  disprove  this  value. 

These  runs  gave  valuos  like  0.483,  0.3^),  1.63,  0.668,  etc.  See 
Figure  3*  class  3*  New  modifications  were  discussed  in  the  attempt  to 
get  consistent  data. 

Preconditioning  tho  Dewar  was  abandoned  because  it  was  thought  to  be 
ineffective.  A significant  modification  was  to  move  the  entire  apparatus 
into  an  underground  tunnel  at  Marvalaud.  A chamber  in  the  tunnel,  sealed 
from  the  surface  is  at  relatively  constant  temperature  and  humidity.  The 
experiment  was  moved  to  this  underground  chamber  to  minimize  effects  of 
change  in  room  conditions  from  day  to  day.  The  hexane  was  stored  in  the 
tunnel  at  toe  i"nnel  room  temperature.  With  these  modifications,  values 
for  specific  heat  in  calories/g/°C  were  1.04,  0.70,  0.81,  etc.  See 
Figure  3»  class  4.  The  range  of  values  had  begun  to  lessen.  At  this 
point,  the  gelatin  sample  temperature  was  changing  10-12  but  the  bath 
temperature  was  changing  only  1-2  . The  gel  samples  weighed  3®  gJ  the 
mass  of  the  bath  was  ^OC  grams . 

In  order  to  increase  the  temperature  change  of  the  bath,  two,  and 
t ten  three  samples  at  a time  were  immersed  in  the  bath,  and  the  mass  of 
the  bath  was  decreased  to  200  g.  Bath  temperature  changes  of  5*7  for 
two  samples  (with  I30  g of  hexane  in  the  bath)  and  6,8  for  three  samples 
(with  200  g of  hexane  in  the  bath.)  Values  of  specific  heat  of  0.62 
cal/g/°G  for  two  thirty  gram  blocks  immersed  at  the  same  time,  and 


0.92  cal/g/°C  for  three  blocks  immersed  at  one  time.  Later  values  using 
three  blocks  at  a time  were  0.86,  0.72,  0.66,  0.68,  0.64,  C.77»  etc. 

See  Figure  3#  Glass  For  these  later  values,  the  hexane  used  in  the 
bath  was  equilibrated  at  31°  in  a constant  temperature  water  bath  prior 
to  use^  The  temperature  change  in  the  hexane  during  the  run  increased 
to  a 9U  change,  and  the  change  in  gel  temperature  was  about  13  . The 
gel  blocks  were  alway  completely  immersed  in  the  hexane  which  required 
about  150  g of  hexane. 

On  the  basis  of  the  last  series  of  runs,  those  done  in  the  tunnel 
chamber  using  three  blocks  of  gelatin  per  run,  an  average  value  of 
0.?2  cal/ g/°C  (for  17  runs  averaged)  was  calculated,  with  a standard 
deviation  of  0.08. 

lb  determine  whether  the  revisions  in  the  small  sample  preparation 
technique  significantly  altered  anything,  the  specific  heat  of  gelatin 
was  measured  again.  Using  the  same  technique  (class  5 of  specific  heat 
measurement),  the  values  obtained  were  o.69,  0.66,  0.77,  0.53»  0.32,  0.75» 
0.72,  and  0,69  cal  gm  °G  The  average  value  of  these  eight  points 
is  0.64.  It  is  felt  the  difference  is  not  significant. 

7.0  Density  Measurement 

Archimedean  displacement  measurement  is  the  simplest  method  of 
volume  determination  in  density  measurement,  useful  especially  for  ir- 
regular geometry  not  readily  measurable.  However,  a block  of  20% 
gelatin-  80%  water  can  not  be  Immersed  in  water  without  affecting  the 
gel  block.  Actually,  two  processes  occur,  both  osmotic  in  nature.  The 
gelatin  dissolves  in  the  water,  and  water  is  taken  up  by  the  gelatin 
block.  It  is  clear  that  either  of  these  two  processes  will  change  the 
density  of  the  gelatin  block.  Since  the  gelatin  gel  is  soluble  in  water, 
a search  was  conducted  to  find  a liquid  that  would  be  totally  inert  to 
the  gel,  and  that  had  a density  less  than  the  gel.  There  is  an  organic 
chemistry  rule  of  thumb  that  polar  solvents  dissolve  polar  materials.  A 
corollary  of  that  is  non- polar  solvents  will  not  dissolve  polar  materials. 

A gelatin  gel  is  f 0%  water,  a polar  substance.  Although  the  large  , 
gelatin  molecules  are  overall  neutrally  charged  or  nearly  so,  they  contain 
polar  groups  throughout.  Thus  it  was  reasoned,  a non-polnr  solvent  ishould 
be  totally  inert  to  the  gelatin  block.  This  was  found  experimentally  to  be 
true  for  iexane,  an  alkane  commonly  ased  in  chromatographic  work  when  a non- 
polar sol''  ent  is  required.  Using  hexane,  we  could  use  the  Archimedean  dis- 
placement method  for  density  determination,  later,  we  found  a report  in  the 
lite.  vture  in  which  benzene  was  used  for  the  same  purpose.-^ 

The  hexane  used  for  the  Archimedean  displacement  method  of  density 
measurement  was  a mixture  of  hexanes,  mostly  n-hexane,  obtained  as  a 
reagent  grade  chemical.  Mass  in  air  and  mass  immersed  in  hexane  were 
recorded.  The  differenc  • in  these  masses  equals  the  mass  of  hexane 
displaced.  By  knowing  the  density  of  the  hexane,  the  volume  of  hexane 
displaced  (which  equals  volume  of  gel  block)  could  be  calculated.  The 
density  of  the  hexane  was  determined  by  measuring  the  mass  of  25«00  ml 
of  hexane  in  a volumetric  flask.  This  measurement  was  done  immediately 
after  the  gelatin  measurements.  Significant  changes  in  hexane  density 
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can  occur  If  its  temperature  changer?  very  much. 

Hass  measurement  was  done  with  an  analytical  balance,  yet  the  masses 
are  only  recorded  to  hundredths  of  a (tr an.  There  is  an  important  reason 
for  this.  The  samples  aeasured  were  stored  prior  to  measurement  over 
ZnSO^  ,7H20  saturated  solution  at  6°  G,  giving  a 94*, 5$  relative  humidity 
environment, ^ (Hygroscopic  salt  solutions  are  used  to  conlro)  humidity 
so  that  it  ^ constant  and.  reproducible.)  When  these  gelatin  samples 
were  removed  from  their  low  temperature,  high  humidity  environment,  they 
began  to  gain  in  apparent  mass  at  the  rate  of  5-6  mg/ainute,  up  to  a 
maximum  point  and  then  they  lose  apparent  mass.  Our  technique  was  to 
measure  to  the  nearest  hundredth  of  a gram  in  less  than  two  minutes, 
before  the  change  in  mass  became  significant. 

Early  in  the  program  of  density  measurements,  two  other  problems 
were  discovered.  First,  the  density  or  the  hexane  used  slowly  increased 
during  a 3-4  week  period.  Second,  the  hexane  density  changed  during  the 
measurement  because  it  was  slowly  changing  temperature.  Therefore, 
changes  were  made  in  the  density  measurement  procedure. 

With  respect  to  the  first  problem,  the  density  of  the  hexane  used 
in  the  initial  gelatin  density  determination  increased  from  0,6630  g/ml 
to  0.6680  2/ml  during  a period  of  one  month.  Hexane  has  a small  but 
finite  solubility  in  water,  (O.OI38  g hexane  / 100  g H20  at  15°C).*-3 
To  determine  whether  the  change  in  hexane  density  was  because  of  its 
exposure  to  gelatin  during  the  Archimedean  density  measurement,  the 
densities  of  several  gelatin  samples  and  some  hexane  were  measured  and 
the  gelatin  was  then  stored  in  the  hexane  for  two  weeks.  The  gelatin 
was  weighed  in  air  and  in  the  hexane  in  which  it  was  stored.  Density 
of  this  same  hexane  was  also  measured.  Both  the  gelatin  density  and 
hexane  density  were  unchanged  during  the  two  weeks.  Therefore,  the 
hexane  density  should  not  change  during  the  brief  time  gelatin  is 
weighed  in  hexane.  However,  just  to  be  sure,  th«.r*>after  fresh  reagent 
grade  hexane  was  used  each  time. 

The  second  problem  arises  because  the  gelatin  5 stored  at  5"?°G« 
while  the  density  measurement  is  made  at  room  tempera  «.y«.  If  the  hexane 
is  also  stored  at  5-7°G,  then  it  slowly  warms  toward  room  tfl.rpera.tur*  as 
the  density  measurement  is  made.  If  the  hexane  is  stored  at  >'  higher 
temperature,  it  Is  slowly  cooled  by  the  gelatin  as  the  denolty  »eaaure- 
ment  is  male.  To  solve  this  problem,  the  density  of  fresh  reagent  grade 
hexane  was  aeasured  at  several  different  temperatures  and  a h 
density -temperature  graph  plotted.  (Figure  4)  The  temperature  4?'  hexane 
was  then  measured  just  as  each  gelatin  block  was  weighed  in  vha  hexane. 
The  hexane  density  corresponding  to  that  temperature  was  then  used  for 
calculating  the  gelatin  density , 

7.1  Change  of  Density  with  Composition 

Information  on  how  the  density  changes  with  composition  is  useful 
in  two  areas.  First,  it  provides  insight  on  how  well  the  reproducibility 
of  specimen  preparation  > an  be  checked  by  density  measurements.  Second, 
it  serves  to  enable  esli*  *ces  of  water  loss  in  the  experiments  which 
measure  change  of  density  with  time  of  storage  at  constant  humidity  and 
temperature. 


Temperature  C 


Figure  4 

Hexane  Density  vs.  Temperature 
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To  establish  a plot  of  density  versus  weight  percent  gelatin,  we 
chose  to  measure  the  density  of  5*0*  10.0,  12.5*  15*0,  17.5*  20.0,  22.5* 
?5»0#  27,5*  and  30.0  weight  percent  gelatin  solutions.  For  each, 

400-500g  gels* in  solutions  were  prepared.  About  ten  samples  were  taken 
at  each  conceit. Oration.  The  densities  were  Measured,  averaged,  and  the 
average  density  of  each  batch  is  plotted  in  Figure  5 as  a function  of 
its  opposition.  Appendix  D gives  the  details  of  the  data. 

Errors  in  Figure  5 asy  be  assessed  as  follows.  The  apparent  density 
of  gelatin  can  be  affected  oy  the  temperature  dependence  of  the  hexane 
density.  Furthermore,  the  actual  density  of  the  gelatin  can  be  affected 
by  the  amount  of  foam  removed  from  a gelatin  batch.  For  example,  in  the 
30.0#  gelatin  preparation,  4-3g  of  foam  was  recovered  out  of  a total  of 
*K)Qg  of  water  t id  gelatin  powier.  If  one  assumes  (as  a worst  case)  that 
the  foaa  contains  5#  gelatin,  the  weight  percentage  of  gelatin  in  the 
remaining  defoamed  solution  would  be  33#.  Similarly,  for  a 20#  gelatin 
preparation  a maximum  of  lOg  of  foam  is  recovered.  Again  using  the 
assumption  that  the  foam  contains  5#  gelatin,  the  remaining  solution 
would  be  20.3#  gelatin.  The  hexane  density  changes  0,0008  - 0.0010  g 
ml”^  deg*’*,  A 2 G°  temperature  uncertainty  implies  an  uncertainty  in 
the  density  of  both  gelatin  solutions  of  0,002  g/ml.  The  errors  intro- 
duced by  foam  and  the  temperature  dependence  of  hexane  density  can  be 
represented  by  the  error  bars  in  Figure  5. 

7,2  Change  of  Density  with  Storage  Time 

The  next  and  final  step  in  the  density  work  was  to  monitor  changes 
in  density  with  time,  under  constant  temperature  and  constant  humidity. 

The  experiment  was  designed  to  keep  the  humidity  constant  by  using 
a saturated  aqueous  calcium  chloride  solution  in  a sealed  container, 

When  water  is  saturated  with  aihydrous  calcium  chloride,  the  hexahydrate 
of  calcium  chloride  (CaCl^  .6H2O)  is  formed.  At  a constant  temperature, 
the  hexahydrate,  the  saturated  water  solution,  and  water  vapor  will 
exist  at  an  equilibrium  pressure.  The  humidity  in  the  container  will 
remain  constant  as  long  as  the  three  phases  exist  in  the  system,  and 
the  temperature  remains  constant,^  The  three  phase  system  was  prepared 
by  adding  64k.  Og  of  anhydrous  CaCl.2  to  avery  lOOg  demineralized  distilled 
water. 15  Some  solution  was  then  placed  in  each  container!  the  containers 
were  sealed,  tad  placed  in  the  refrigerator.  The  refrigerator  temperature 
is  near  7°C.  At  this  temperature,  the  relative  humidity  within  the  con- 
tainers was  37-38#.  (Sse  Figure  6). 

Gelatin  was  prepared  by  the  large  batch  preparation  method,  cast 
into  blocks,  and  placed  in  storage  in  the  refrigerator  inside  the  sealed, 
constant-humidity  containers. 

Ten  gel  blocks  ware  initially  randomly  picked  from  the  large  batch. 

The  average  initial  density  of  these  samples  was  1.063  g/ml.  'ftie  average 
deviation  was  + ,005  g/ml. 

The  density  of  gelatin  was  measured  during  the  next  seventy  days. 

Two  to  four  samples  were  measured  at  a time  to  evaluate  reproducibility. 
The  specimens  show  an  increase  in  density,  which  undoubtedly  stems  from 


the  water  lost  from  the  gelatin  surface.  However,  the  experiment 
revealed  the  presence  of  a humidity  gradient  inside  the  humidity 
chambers.  There  was  a difference  in  gelatin  density  depending  on 
where  the  sample  was  placed  in  the  humidity  chamber.  Each  chamber 
had  two  layers.  Above  the  top  layer,  water  had  condensed  on  the  bot- 
tom of  the  lid  for  the  container,  effectively  placing  th©  upper  layer 
near  100#  humidity.  The  gelatin  ist  have  effectively  masked  the  top 
of  the  oontainer  from  the  hydroscopic  effect  of  the  salt  solution 
system  below.  One  particular  container  had  its  lower  level  completely 
filled  with  gelatin  blocks.  The  gelatin  blocks  on  its  upper  level  were 
not  noticably  deformed,  indeed,  some  samples  appeared  totally  unchanged 
aftar  75  days  in  the  container.  Another  particular  container  had  only 
two  samples  on  th#  lower  level  with  the  upper  level  completely  filled. 

The  samples  on  the  upper  level  were  deformed  and  had  acquired  a hard 
skin  on  its  surface.  Their  density  had  increased. 

The  results  were  separated  into  two  groups,  one  for  the  upper  layer 
and  one  for  the  lower  layer.  See  Figure  7,  and  Appendix  E,  The  samples 
on  the  lower  layer  became  deformed  after  only  4-  days  and  this  deformity 
gradually  increased  with  time.  The  lower  layer  gelatin  first  developed 
& hard  outer  skin  and  then  gradually  shrank  in  sise  and  changed  from 
its  initial  pale  yellow  color  to  a dark  amber  color.  The  density  of 
gelatin  on  the  lower  level  on  day  67  was  1,222  + 0.010  g/ml  for  four 
samples.  This  corresponds  to  a composition  of  between  80-90  weight  per- 
cent gelatin.  This  means  18-21  grams  of  water  was  lost  frost  a 2Q&  gela- 
tin sample  with  an  initial  weight  of  30  grams. 

The  density  of  the  top  layer  gelatin  increased  slowly  after  the  28th 
day  (it  remained  unchanged  for  the  first  28  days).  The  average  density 
for  four  samples  on  day  35  was  1.070  + 0,004-  g/ml.  The  density  on  day 
6?  was  I.O87  + 0.022  g/ml.  The  gelatin  by  day  67  had  obtained  a plastic 
outer  shell  and  the  color  had  changed  from  a pale  yellow  to  only  a more 
intense  yellow.  The  amount  of  water  loss  for  a 30g  gelatin  sample  on 
the  upper  level  was  about  2-3  grans  during  the  6?  day  period. 

A second  experiment  was  conducted  with  some  revisions  to  eliminate 
the  problems  described  for  the  first  experiment,  In  the  first  experiment, 
a fine  wire  screen  was  used  to  shelve  the  gelatin  blocks  in  each  con- 
tainer, Far  the  second,  revised,  experiment,  one-half  inch  holes  were 
punched  in  the  screen  so  that  the  ventilation  would  be  improved  in  each 
container.  Each  container  also  had  only  one  layer  of  gelatin  for  the 
second  experiment.  In  the  second  experiment,  tha  calcium  chloride  solu- 
tion was  prepared  as  before,  but  an  additional  15g  anhydrous  GaCl£  was 
added  for  every  l64g  of  solution,  to  Insure  that  the  three  phrases  were 
present.  Once  gelatin  was  placed  in  the  chambers,  the  solid  hexahydrate 
slowly  want  into  solution.  Therefore,  anhydrous  calcium  chloride  was 
added  each  week  to  sain  tain  the  hexahydrate  phase. 

In  the  second  experiment,  the  density  of  gelatin  was  measured  during 
fifty-eight  day*  by  our  Archimedean  displacement  method. 

The  gelatin  in  the  first  set  (Series  A)  was  prepared  by  the  large 
batch  preparation  method..  Ten  samples  ware  measured  to  determine  the 
initial  density  of  the  first  run.  The  initial  density  of  all  the  blocks 


*as  assumed  to  "be  identic*].,  1. 062+0, 001g/*l,  One  to  three  Maples 
were  measured  each  day.  After  measurement  the  sample  was  numbered  end 
put  beck  into  the  container  for  occasional  later  aeasureaents.  In 
recording,  the  gel  sample  has  two  numbers,  For  example,  35-48  would 
aean  that  sample  35  was  measured  during  the  48th  day  the  sample  had  been 
at  37-3W  relative  humidity. 

To  check  the  first  set,  a second  set,  (Series  B)  was  prepared.  The 
gelatin  in  this  series  was  made  by  cur  small  sample  preparation  method. 

The  average  initial  density  of  three  samples  was  1.058+0, 0Q2g/ml, 

The  density  changes  for  runs  A and  B are  similar.  The  results  are 
summarised  in  Figures  8 and  9,  end  Appendices  F and  G.  The  density 
increase  does  not  seem  to  be  constant  but  bias  a spread  of  values.  In 
both  the  A and  B series  the  density  increased  slowly  to  about  l,08g/ml 
after  five  days.  Gelatin  density  then  remained  between  1. 080-1. 090g/ml 
for  7-20  days.  After  this  period  the  density  increased  more  rapidly, 
about  0, 008-0. OlOg/ml  per  day  in  both  runs.  In  series  A,  the  density 
eventually  seemed  to  reach  a limiting  maximum  density  of  between  1,310- 
l*320g/al  after  40  days.  In  series  B,  gelatin  density  did  not  seem 
to  have  reaohed  a limiting  density.  The  density  of  2-41B  was  1.28?g/ml. 
However,  voids  developed  inside  all  of  the  gelatin  blocks  in  series  B 
after  30  days.  This  would  have  little  effect  ca  the  gelatin  weight,  but 
would  increase  the  apparent  volume  and  decrease  the  apparent  density  of 
gelatin.  This  is  noted  in  Figures  8 and  9. 

The  gelatin  in  both  runs  began  to  develop  a hard  outer  skin  alter 
3 days  and  gradually  shrank  in  si*e.  A gel  block  lost  about  19-21 
grams  of  water  after  35  days,  but  only  1-2  grams  between  35-58  days. 

This  corresponds  to  an  80-90  percent  gelatin  concentration  by  weight. 

8,0  Electrical  Resistivity 

An  interesting  phenomenon  of  20£  gelatin  gel  is  its  change  in 
electrical  resistivity  with  time  under  the  influence  of  an  applied 
field.  This  phenomenon  is  qualitatively  understandable  when  one  con- 
siders the  mobile  ions  and  readily -removable  groups  in  gelatin.  Amino, 
hydroxyl,  and  thiol  groups  are  present  as  well  as  a multitude  of  hydro- 
gen ions.  As  well,  small  chain  fragments  (m.w,  up  to  soveral  thousand) 
can  readily  migrate  through  the  gal  under  the  influence  of  just  a small 
field.  At  first,  resistance  measurements  were  made  with  a field-effect- 
transistor  volt-ohm-meter  (FET-V0M),  and  the  observation  was  made  that 
resistance,  measured  that  way,  changed  with  time.  Soon  thereafter,  it 
was  recognized  that  during  the  "resistance"  measurements,  the  gelatin 
was  becoming  charged.  More  descriptively,  one  could  stop  the  "resistance" 
measurement  and  then  measure  significant  voltages  across  the  gelatin. 

Not  only  that,  but  if  one  were  to  short  out  the  electrodes  across  the 
gelatin  (to  "discharge"  it)  for  a few  minutes,  and  then  make  a voltage 
measurement,  there  would  still  be  a significant  voltage  present.  This 
voltage  would,  however,  slowly  decay  with  time. 

The  gelatin  was  apparently  becoming  polarized  (as  well  as  storing 
surface  charge)  so  that  it  behaved  like  a low  grade  electret.  A little 
considerat.  of  what  a FET-V0M  "resistance"  measurement  really  means 
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under  these  circumstances  convinces  one  that  such  a measurement  is 
meaningless,  The  resistance  measurement  ( Meaning  tha  instrument  re- 
sponse) is  based  on  tha  assumption  that  tha  unknown  is  a passive  re- 
sistive network,  not  an  active  network  with  a battery  which  increases 
in  voltage  output  as  the  measurement  progresses  in  time, 

8.1  Design  of  the  Experiment 

As  a result  of  these  observations,  the  electrical  properties  ex- 
periment was  redesigned.  It  was  decided  to  apply  a range  of  fixed  known 
voltages  to  the  gelatin  and  to  monitor  the  current  it  would  draw  during 
this  "charging"  stage  as  a function  of  time.  That  would  establish  an 
effective  resistance  os  a function  of  time  for  a given  applied  voltage. 
Tnm  the  next  step  would  be  to  monitor  the  open  circuit  voltage  decay 
characteristic  fox*  the  electret  which  was  created  by  charging  with  this 
particular  applied  voltage. 

The  experiment  required  a voltage  source  which  could  provide  varying 
amounts  of  current  to  a load  at  constant  voltage.  This  was  constructed 
in  the  classic  manner  using  a lead-acid  battery  and  a voltage  divider. 
See  Figure  10.  The  buttery  voltage  (Vg)  could  be  either  2 or  6 volts. 

In  order  for  the  charging  voltage  (Vq)  to  be  independent  of  the  charging 
current  (ig) , one  must  isect  the  requirement  thati 
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This  is  accomplished  by  selection  of  a suitably  small  value  for  (H1+R2) 
a r,  compared  to  Rt  . And,  of  course,  a particular  Vc  is  obtained  by  suit- 
able selection  of  R1/R2. 

The  \ jlvage  drop  introduced  by  the  presence  of  the  ammeter  was  mea- 
sured using  a substitution  method  in  separate  experiments.  In  these 
experiments  for  each  charging  voltage,  the  gelatin  was  replaced  with  a 
variable  resistor  which  could  be  adjusted  to  get  the  same  Ig  that  is 
Measured  during  charging.  These  resistance  values  (Rq)  were  then  mea- 
sured. The  actual  voltage  drop  across  the  gelatin  is  then  simply  calcu- 
lated, (ljR0).  The  voltage  drop  across  the  ammeter  is  then  Vq-I^Rq. 

This  was  found  to  be  small  for  all  the  current  ranges  used.  The  ammeter 
was  a laboratory  gr-ide  FET-VOM  (Heath  IM  -104-), 

Measurement  of  the  open  circuit  voltage  decay  characteristic  was 
made  directly  using  the  same  meter  which  has  an  input  impedence  of  10? 
ohms  for  voltage  measurements.  Since  the  Rq*s  which  are  measured  as 
described  above  net ^r  exceeded  105  ohms  (indeed  under  most  conditions 
they  are  much  less),  it  is  fair  to  assart  that  the  presence  of  the  meter 
did  not  significantly  alter  the  decay  characteristic, 

8, ,2  &xperlmental  Procedure 

It  waa  noted  that  when  measurements  extended  over  a significant  time 
(an  hour)  one  could  observe  a greenish  tinge  in  the  gelatin  in  the 
vicinity  of  the  copper  electrodes.  To  eliain^*-  the  reaction  between 
the  gelatin  and  the  electrode,  we  switched  to  using  electrodes  which 
are  polished  chromium-plated  steal.  There  has  been  no  sign  of  any 
interaction  between  these  electrodes  and  the  gelatin. 


The  gelatin  is  cast  In  a cylindrical  geometry  and.  allowed  to  gel 
and  equilibrate  for  at  least  4 hours  in  the  refrigerator  at  about 
60-80£  relative  humidity.  The  gel  cylinder  is  then  removed  from  its 
mold  and  the  thickness  and  diameter  measured.  The  electrodes  are 
cleaned  before  each  run  with  trichloroethylene , then  by  demineralised 
distilled  water  and  dried.  The  electrodes  are  placed  above  and  below 
the  gelatin.  A paper  towel  is  placed  upon  the  upper  electrode  and  a 
weight  is  placed  on  the  plate  and  towel  to  keep  the  gelatin  firmly  in 
contact  with  the  electrodes. 

Measurements  are  conducted  with  the  sample  in  the  refrigerator, 
after  about  half  an  hour  has  been  allowed  for  equilibration.  If  a re- 
run is  conducted  on  a sample,  the  sample  will  have  been  kept  undisturb- 
ed (with  its  electrodes  still  in  place)  in  the  refrigerator  between 
runs. 

8,3  Results  and  Discussion 


Samples  are  identified  alphabetically,  and  if  a measurement  is  re- 
run on  a particular  sample,  it  is  indicated  numerically.  For  example, 
a plot  for  K-2  would  be  a second  run  on  sample  K.  Table  I lists  all 
the  samples,  tneir  dimensions,  and  their  age  for  various  runs,  as  well 
as  notes  on  other  details.  Some  selected  plots  of  the  measured  data 
for  a range  of  charging  voltages  (from  0.096  to  6.20  volts)  are  shown 
in  Figures  11  through  16.  For  the  complete  set  of  plots  which  go  with 
the  samples  listed  in  Table  I,  the  reader  is  referred  to  Figures  6 
thru  36  in  the  Second  Quarterly  Report  for  this  contract. 


Table  XI  lists  the  individual  runs,  the  measured  charging  voltage 
(VG),  the  measured  charging  current  (Ij,),  the  calculated  Hr  * the  meas- 
ured Rq,  the  calculated  ItKq  and  a voltage  called  Vq.  Vq  Is  the  ap- 
parent initial  voltage  at  ihe  beginning  of  the  voltage  decay  character- 
istic, It  is  obtained  by  extrapolating  the  voltage  decay  curve  txxk 
to  the  time  at  which  charging  was  discontinued,  Vq  was  often  measured 
before  and  after  a run,  and  was  not  found  to  vary.  The  current  I 2 (in 
Figure  t>)  was  always  greater  than  $00  aa,  satisfying  the  condition  tnat 
1^  be  much  less  than  I2,  as  can  be  seen  from  the  values  of  Ij,  in  Table  II. 
The  value  of  Rj,  listed  in  the  table  :*s  the  apparent  load  resistance  of 
both  the  meter  and  galatin  in  series  (Figure  10  again)  just  before 
charging  is  terminated.  The  values  of  Ro  are  either  measured  directly 
(about  ten  values  for  each  charging  voltage)  or  interpolated  from  the 
measured  curves  of  Rq  versus  1^.  The  calculated  I^Rq  should  represent 
the  actual  voltage  across  the  gelatin,  and  must  be  less  than  Vq,  The 
fact  that  it  isn't  in  all  cases  has  to  reflect  the  size  of  cumulative 
errors  in  measurements  of  Vq,  1^,  and  Rq  for  each  run.  In  some  runs 
this  appears  trivial,  but  in  some,  such  as  E-2  and  G-l,  it  appears 
large. 


Several  observations  can  be  made  with  respect  to  the  data.  First, 
the  Rt,  of  the  specimens  stays  consistently  high  until  Vq  approaches 
1 to  2 vx>lts.  Above  this  voltage,  is  low.  Figure  17  shows  this  in 
more  proper  form,  where  the  has  been  converted  to  resistivity  for 
each  specimen  and  Vq  has  been  converted  to  electric  field.  Field  strength 
around  0.7  to  1.0  volts/cm  apparently  begins  to  break  bonds  in  the  gelatin. 
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TABLE  II 


Summary  of  Selected  Electrical  Data  and  Calculations 


Sample  Measured  Measured  = Vq  Measured  Calculated  Measured 
VC  IL  Rq  ILr0  V0 


A 

2.06 

volts 

3.3O  ma 

625 

ohms 

620 

ohms 

2.04  volts 

0.46 

volts 

B 

2.05 

tt 

3.55  " 

568 

II 

588 

II 

2.09 

II 

0.52 

II 

C-l 

2.05 

II 

4.00  " 

514 

It 

510 

ll 

2.04 

II 

0.47 

It 

C-2 

2.05 

II 

3.95  " 

519 

II 

516 

M 

2.03 

II 

0.50 

II 

D 

2.05 

II 

6.10  " 

337 

ll 

332 

ll 

2.03 

II 

0.55 

If 

E-l 

2.05 

(1 

3.90  " 

527 

II 

523 

II 

2.04 

II 

0.73 

It 

E-2 

6.20 

II 

7.80  " 

795 

It 

829 

ll 

6.48 

II 

0.72 

If 

P-1 

2.04 

II 

3. 80  " 

538 

11 

536 

II 

2.03 

II 

0.55 

II 

F-2 

2.04 

»# 

3.30  " 

619 

II 

620 

tl 

2,04 

11 

0.56 

II 

G-l 

6.20 

It 

4.20  " 

1475 

ll 

1550 

ll 

6.50 

II 

0.41 

It 

J 

1.02 

It 

21^*a 

4730 

ll 

4700 

11 

1,01 

11 

0.41 

If 

K-l 

0.100 

II 

4.6  " 

21750 

ll 

13100 

ll 

0.060 

11 

0.046 

tl 

K-2 

0.111 

II 

2.7  ” 

41200 

ll 

28300 

II 

0.077 

II 

0.040 

It 

K-3 

0.105 

It 

2.0  " 

52500 

ll 

40000 

it 

0.080 

II 

0.045 

tt 

L 

0.115 

II 

5-2  " 

22100 

ti 

8500 

ll 

0.044 

If 

0.028 

If 

M-l 

0.510 

II 

24.5  " 

20800 

M 

18800 

il 

0.46 

11 

0.24 

II 

M-2 

0.285 

II 

8.5  " 

33600 

II 

27300 

ll 

0.23 

If 

0.11 

It 

MA 

0.298 

II 

8.4  •' 

35500 

It 

27800 

II 

0.23 

II 

0.14 

tt 

N-l 

0.297 

II 

6.35  " 

46800 

II 

40200 

II 

0.25 

M 

0.18 

tl 

N-2 

0.297 

II 

16.0  " 

I85OO 

II 

19700 

It 

0.32 

II 

0.19 

If 

0-1 

0.291 

II 

15.0  " 

19400 

II 

20800 

11 

0.31 

II 

0.22 

II 

0-2 

0.291 

II 

14.0  " 

20800 

II 

22000 

II 

0.31 

II 

0.27 

II 

P 

0.297 

II 

7.0  " 

41800 

II 

35700 

ll 

0.25 

II 

0.096 

It 

Q 

0.297 

II 

7.9  " 

37600 

II 

30200 

II 

0.24 

It 

0.060 

tt 

R 

1.00 

II 

25  £>  " 

4450 

II 

4500 

II 

1.01 

II 

0.52 

If 

S 

1.88 

II 

5.50  ma 

342 

II 

332 

ll 

I.83 

11 

0.70 

tl 

T 

6.10 

II 

8.8  " 

693 

II 

700 

it 

6.16 

«l 

O.83 

ft 

U 

0.096 

It 

1.1^  a 

87400 

II 

74400 

ll 

0.082 

II 

0.080 

tl 

V 

0.099 

II 

1.05  " 

94200 

II 

85300 

II 

0.090 

II 

0.07 

II 

W 

0.098 

II 

3.7  " 

25500 

II 

16800 

11 

0.062 

ft 

0.06 

II 

X 

0.495 

II 

20.5  " 

24100 

II 

24200 

II 

0.498 

ll 

0.23 

II 

WW|W!  jpg » "WagCPpapp 9fK  m*  yry?r 


Secondly,  the  voltage  decay  charv.teristic  seems  to  fall  into  two 
groups*  At  fields  below  0,2  volts/ cm,  the  time  constant  Is  generally 
very  large  ( 50,000  sec.),  with  a few  exceptions.  At  larger  fields, 
the  time  constant  Is  generally  between  200  and  2000  seconds,  again 
with  some  exceptions.  Table  III  shows  t for  each  run  and  Figure  18 
Is  a plot  of  these  data.  The  slopes  assigned  to  each  run  which  were 
used  to  compute  T were  based  on  the  bulk  of  the  data  points  and  tended 
to  ignore  the  initial  effects. 

Another  consistent  o -servation  is  that  Vq  (the  voltage  across  the 
gelatin  at  the  beginning  of  the  voltage  decay  after  charging  is  stopped) 
is  always  less  than  Vq,  One  might  expect  Vq  to  be  equal  to  Vq,  The 
fact  that  it  is  not  Implies  that  the  gelatin  must  be  equivalent  to  a 
circuit  that  looks  like  Figure  19.  One  can  then  conclude  the  measured 
Ro  listed  in  Table  II  must  be  + R4,,  Also,  ono  must  conclude  that 

Vo  _ H jty 

Vc  R^+R/j,  R0 

Therefore  one  can  compute  an  Ro  and  an  for  each  run  in  Table  II. 

't'hese  are  shown  in  Table  IV, 

Since  the  external  circuit  impedence  is  so  high  during  the  voltage 
decay  measurements,  the  voltage  decay  has  to  occur  by  discharge  of  C 
through  R^. 

Therefore,  the  time  constant  **/£M  discussed  previously  should  be 
given  byi 


T • cr^ 

This  in  turn,  implies  a G for  each  ~T  and  R^. 

Table  V lists  the  result  of  this  calculation  both  as  a capacitance  "C", 
and  a normalized  capacitance  Mc",  where 

G “ farads 

c “ X d farads  -cm 

A cm2  ~~~ 

where  X Is  taken  from  Table  III 
R^  is  taken  from  Table  IV 
A /^  is  taken  from  Table  I 

Defining  a normalized  capacitance  this  way  means  it  is  analogous  to 
resistivity.  It  is  a measure  of  a material  property,  not  dependent  on 
experimental  geometry.  Figure  20  is  a plot  of  "c"  versus  applied  field, 
and  Figure  21  is  a Mown  up  plot  of  the  lower  left  portion  of  Figure  20. 
Figure  20  shows  that  at  a field  strength  of  about  0,6  volts/cm,  the  norm- 
alized capacitance  begins  to  increase.  For  field  over  10  volt/cm,  the 
material  exhibits  large  (and  erratic)  normalized  capacitance a. 


TABLE  IV 


Equivalent  Circuit  Resistances 

Sample  R^  (ohms)  % (ohms)  ^3/j^  R3  + R4  (ohms)  Vq  = 

Vn  3 4 


A 

4F3 

137 

3.5 

620 

0.221 

B 

440 

148 

3.0 

588 

0.252 

C-l 

393 

117 

3.4 

510 

0.229 

C-2 

390 

126 

3.1 

516 

0.244 

D 

243 

89 

2.7 

332 

0.268 

E-l 

33? 

186 

1.8 

523 

0.356 

E-2 

733 

9 6 

7.7 

829 

0.116 

P-1 

388 

144 

2.7 

536 

0.269 

P-2 

450 

170 

2.6 

620 

0.274 

G-l 

1448 

102 

14.2 

1550 

0.066 

J 

2?80 

1920 

1.4 

4700 

0.410 

K-l 

7000 

6100 

1.1 

13100 

0.4 65 

K-2 

18100 

10200 

1.8 

28300 

O.36O 

K-3 

21850 

18200 

1.2 

40050 

0.455 

L 

6500 

2000 

3-2 

8500 

0.234 

M-l 

9800 

9000 

1.1 

18800 

0.480 

M-2 

17000 

10700 

1.6 

27700 

O.376 

MA 

10000 

17800 

0.56 

27800 

0.641 

N-l 

21300 

18900 

1.1 

40200 

0.470 

N-2 

8100 

11600 

0.70 

19700 

0.590 

0-1 

5100 

15700 

O.32 

20800 

0.755 

0-2 

1600 

20400 

0.078 

22000 

0.93 

P 

24200 

11500 

2.1 

35700 

0.323 

Q 

24100 

6100 

4.0 

30200 

0.202 

R 

2160 

2340 

0.92 

4500 

0.520 

S 

208 

124 

1.7 

332 

0.374 

T 

605 

95 

6.4 

700 

0.176 

U 

12400 

62000 

0.20 

74400 

0.834 

V 

27600 

57700 

0.48 

853OO 

0.676 

w 

11650 

5150 

2.3 

16800 

0.306 

X 

13000 

11200 

1.2 

24200 

0.465 
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TABLE  V 

Capacitance  and  Normalized  Capacitance  for  Various  Applied  Fields 


Sample 

E (volt) 
cm 

Capacitance 

(farads) 

Normalized  Ca 
farad  - cir 
cm2 

A 

1.33 

4.4 

0.54 

B 

1.59 

4.3 

0.44 

i C-l 

1.28 

6.4 

0.79 

i C-2 

1.28 

11.0 

1.4 

! D 

1.24 

5.4 

0.70 

E-l 

1.25 

1.9 

0.25 

; E-2 

3*77 

13.4 

1.7 

P-1 

1.18 

12.7 

1.7 

P-2 

1.18 

6.9 

0.92 

G-l 

3-75 

50 

6.5 

i J 

0.62 

0.36 

0.046 

i K-i 

0.0?1 

0.096 

0.010 

i K-2 

0.080 

«-o 

| K-3 

0.071 

a*> 

-0 

! L 

0.074 

0.40 

0.050 

! M-l 

0.38? 

0.012 

0,0012 

j M-2 

0.224 

0.006 

0.0007 

! MA 

0.183 

«c 

vO 

j N-l 

0.197 

mO 

00 

1 N-2 

0.197 

•O 

>0 

J 0-1 

0.187 

0.12 

0.014 

I 0-2 

0.187 

0.064 

0.0076 

0.162 

oO 

•0 

! Q 

0.196 

0.013 

0.0015 

! R 

0.604 

0.89 

0.11 

s 

I.34 

18.9 

2.1 

T 

4.3  5 

12.8 

1.4 

u 

0.052 

a O 

•*0 

V 

0.061 

mO 

W 

0.059 

0.064 

0.0084 

X 

0.470 

0.18 

0.015 

50 
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The  increase  must  be  associated,  with  the  breaking  of  bonds  by  the  ap- 
plied field.  This  could,  in  turn,  create  smaller  arrays  more  easily 
oriented  in  the  electric  field  t with  a corresponding  increase  in  the 
polarizability  of  the  material.  The  electrical  properties  of  the  ma- 
terial which  has  been  "damaged"  by  the  high  field  are  not  particularly 
reproducible. 

In  contrast,  Figure  21  shows  that  a magnified  view  of  the  portion 
of  Figure  20  which  is  below  0,6  volts/an  reveals  consistent  behavior. 

With  the  exception  of  one  point  (sample  L)  the  normalized  capacitance 
groups  around  0,01  farads  - cm  x cm  . This  would  imply  the  normalized 
capacitance  is  independent  of  applied  field  until  the  field  is  large 
enough  to  break  bonds.  It  should  be  noted  that  the  runs  whi  h show 
vary  large  («o  ) time  constants  in  Table  III  do  not  appear  on  the  plots 
of  capacitance  versus  applied  field.  In  these  runs,  the  material  be- 
havior is  not  understood.  It  would  seem  most  reasonable,  however,  that 
those  particular  time  constants  are  large  because  R4.  is  much  larger 
than  computed  rather  than  G being  larger  than  computed. 

As  mentioned  previously,  shorting  out  the  electrodes  on  the  gelatin 
will  not  quickly  "discharge"  the  capacitor  formed  by  the  polarized  gela- 
tin, Figure  22  shows  a run  (G-2)  which  was  the  same  as  those  described 
previously,  except  that  during  the  decay  mode,  an  ammeter  was  directly 
applied  to  the  electrodes  and  current  through  the  ammeter  was  recorded. 
This  was  essentially  the  short-circuit  current.  Between  each  current 
measurement,  the  open  circuit  voltage  was  monitored,  as  shown  in  the 
plot. 

9,0  Other  Properties 

9.1  Piezoelectric  Effects 

Another  interest  centered  on  whether  a piezoelectric  effect  exists 
in  gelatin.  Two  pairs  of  electrodes  were  placed  on  orthogonal  faces 
of  a rectangular  block  of  gelatin.  One  pair  was  stainless  steel,  the 
other  pair  was  chromium  plated  steel.  Glass  plates  were  used  to  elec- 
trically insulate  the  apparatus  from  its  surroundings.  Gelatin  was 
prepared  by  the  small  sample  technique  and  cast  in  lucite  molds. 

The  piezoelectric  voltage  (Vp)  was  measured  by  a laboratory  F3T-VCM 
(10?  input  impedance).  The  V was  measured  between  the  two  stainless 
steel  electrodes  with  and  without  a force  applied  normal  to  the  stain- 
less steel  electrodes.  This  process  was  then  repeated  when  a charging 
voltage,  Vc,  was  applied  through  the  chromium  plated  electrodes,  creating 
a field  perpendicular  to  the  applied  force. 

Gelatin  showed  no  apparent  piezoelectric  effect.  Only  a small  volt- 
age did  occur  (l-2  aillivolts/cm)  when  a nominal  stress  of  0,1  lbs,  in,2 
was  applied  to  the  gelatin  solid  and  no  orthagonal  field  was  present. 

When  a field  (Vc« 0,56,  1,9  volts/cm)  was  applied,  the  voltage  did  in- 
crease when  the  same  nominal  stress  was  added  to  the  solid.  Shunting 
the  FTST-YOM  with  a 100K  resist or,  the  voltage  change  was  almost  non- 
existent ( 20  microvolts)  when  a larger  stress  (0,2  lb,  in2)  was  applied, 
VQ  was  between  0,65  and  O.75  volts  for  the  gelatin  solid.  VQ  is  the 
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apparent  Initial  voltage  at  the  beginning  of  the  voltage  decay  char- 
acteristic of  a gelatin  sample,  as  described  in  section  8.3. 

9.2  Electro-optic  Effects 

Gelatin  is  stress  birefringant  and  this  property  was  quite  useful 
in  evaluating  grip  design  for  mechanical  testing.  One  additional  pos- 
sibility vaa  that  its  optical  activity  was  affected  by  applied  electric 
fields.  The  birefringence  pattern  of  a gelatin  specimen  was  found  to 
be  independent  of  an  applied,  external  electric  field.  This  was  true 
whether  the  external  field  was  above  or  below  the  critical  field  (around 
0.6  volt/ca)  which  apparently  begins  to  break  bonds, 

9.3  ftatlc  Surface  Polarization  Effects 

It  was  found  that  the  gelatin  was  becoming  polarized  without  applying 
an  external  field,  To  observe  this  behavior,  a rectangular  block  of 
gelatin  was  placed  between  two  chromium  plated  steel  electrodes.  Voltage 
was  measured  with  the  FET-VOM  shunted  by  a 100K  resistor  across  the 
terminals.  Twenty  percent  gelatin  was  prepared  and  cast  into  molds 
made  of  various  materials,  stored  in  the  refrigerator  and  allowed  to 
set  for  fifteen  minutes  at  room  temperature  p:  lor  to  any  measurements. 

The  six  faces  of  the  gelatin  solid  were  labeled.  Voltage  was  measured 
across  the  elsctrod.es  when  the  gelatin  solid  was  positioned  in  each  of 
its  elx  possible  orientations  with  respect  to  the  electrodes.  The  elec- 
trodes were  placed  just  firmly  enough  for  good  contact  with  the  gelatin. 
Voltages  were  measured  with  respect  to  the  upper  electrode  relative  to 
the  lower  electrode.  Wo  electric  fields  were  applied  throughout  the 
experiment. 

Samples  1 and  2 were  9 day  old  gelatin  cast  in  luclte  molds.  In 
sample  1-A,  the  surface  was  melted  away  to  expose  a fresh  surface. 

Sample  3 was  a 19  hour  old  gelatin  block  cast  in  glass.  Samples  4 and 
5 were  prepared  and  cast  largely  l",  darkness  in  cardboard,  and  glass  molds 
respectively. 

The  gelatin  did  possess  a definite  surface  charge.  See  Appendix  H, 

Each  face  of  the  gelatin  solid  generally  had  the  same  surface  polarity 
when  the  gelatin  was  oriented  in  each  of  its  six  positions  with  respect 
to  the  electrodes.  For  example,  fro*  sample  3 each  surface  in  the  six 
positions  in  contact  with  the  upper  electrode  would  be  positive  relative 
to  the  opposite  surface  in  contact  with  the  lower  electrode.  If  the 
electrodes  themselves  were  interchanged,  a different  behavior  was  observed, 
A particular  surface  exhibited  the  same  charge  whether  the  surface  was 
in  contact  with  either  electrode.  The  opposite  gelatin  surface  exhibited 
the  opposite  polarity. 

It  was  decided  to  teet  gelatin  (sample  5)  immersed  in  hexane.  Sample  .*> 
possessed  the  same  characteristics  as  the  other  gelatin  sampi.es  measured 
in  air. 
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lv.,0  Mechanical  Properties 
10.1  Theoretical 


As  a reference  point  for  further  work,  it  was  decided  it  would  be 
useful  to  examine  the  classical  models  for  linear  viscoelastic  behavior 
and  compare  one  of  them  to  the  experimental  behavior  of  our  gelatin  in 
relatively  “static*'  (low  strain  rate)  testing.  In  so  doing,  the  in- 
adequacy of  representing  an  actual  material  with  a simple  model  is 
fully  recognized. 

Classically , viscoelastic  materials  are  taken  to  exhibit  creep, 
meaning  increasing  deformation  under  sustained  load,  with  the  strain 
rate  depending  on  the  stress.  Models  using  springs  and  dashpots  have 
been  found  to  be  descriptive  in  characterizing  linear  viscoelastic  be- 
havior in  uniaxial  deformation.  The  most  simple  versions  of  these 
models  are  the  Maxwell  fluid  and  the  Kelvin  solid  (or  Voight  solid). 

The  former  is  a spring  and  dashpot  in  series)  the  latter  is  a spring 
and  dashpot  in  parallel.  The  next  level  of  model  sophistication  des- 
cribing a solid  is  a spring  in  series  with  a Kelvin  solid.  This  is 
known  as  a "three  parameter  solid",  or  the  "standard  linear  material". 

One  can  then  proceed  to  a "four  parameter  solid",  which  is  two  Kelvin 
solids  in  series. 

It  was  decided  that  the  disadvantage  of  the  increased  analytical 
complexity  of  the  latter  more  than  outweighed  its  advantages.  The 
"three  parameter  solid"  was  selected  as  a model  (Figure  23).  The  fol- 
lowing discussion  of  the  details  of  this  model  is  based  on  Flugge's 
excellent  exposition  (with  minor  corrections). 

The  three  parameter  solid  is  characterized  by  a constitutive 
equation  of  the  formi 

CT+ ■ ^ (equation  l) 

where  pi , q^,  and  qi  are  the  three  parameters  which  describe  the 
material.  Note  that  p^,  has  the  dimensions  of  time,  q<j  t>as  the  dimen- 
sions of  stress/strain,  ana  qi  has  the  dimensions  of  stress-time/etrain. 
It  turns  out  that  they  must  satisfy  the  relation » 

»1>  Vo 

if  the  constants  of  the  component  parts  (l,  2,  and  3 In  Figure  23)  of 
the  model  are  to  be  real  and.  positive.  The  behavior  of  th®  three  para- 
meter solid  can  be  charrcterized  by  an  imaginary  test  in  which  first  a 
constant  stress  is  applied  instantaneously  and  the  material  is  allowed 
to  deform  uniaxially,  followed  by  arresting  the  deformation  at  a parti- 
cular strain  and  allowing  the  stress  to  relax.  Diagrams  of  stress  versus 
time  and  strain  versus  time  for  such  a test  are  schematically  indicated 

Figures  2M-  and  25.  Imagine  in  the  test  that  a constant  stress,  , 

is  imposed  at  t-0.  The  series  spring  "1"  (Figure  23)  permits  an  in- 
stantaneous elastic  strain,  <r0,  followed  by  a gradual  increase  in 
elastic  strain  by  the  assembly  of  spring  "2"  and  dashpot  "3".  This  re- 
sponse is  termed  "delayed  elasticity",  and  is  shown  by  the  representation 
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Figure  24 

Stress  vs.  Time  for  Idealized 
Test  of  Three  Parameter  Solid 
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of  strain  between  t*0  and  t-t]_  in  Figure  25.  At  t-t^,  the  strain  is 
fixed  at^q  fron  than  on,  and  the  stress  is  monitored  as  it  exhibits  re- 
laxation vith  increasing  tine,  as  shown  in  Figure  24-. 

The  strain  for  the  imaginary  test  shown  in  Figures  24  and  25  can  be 
obtained  by  applying  the  appropriate  initial  conditions  to  the  solution 
to  equation  (1,) , and  it  can  be  expressed  as  follows  i 


6(t) 


£o  y l-a-PiO 

qo  i ( -gj-) 


4-1  (equation  2) 


Note  thatt 


at  t“0, 


1 <ll  1 


So  th*t 


Eo=  11/ 


*1 


(equation  3) 

or  ^ 

(equation  4) 


Equation  (4)  is  by  definition  an  "elastic  modulus  for  instant 
elasticity". 


Similarly, 


at  t-«o 


<.  - 


qo 


(equation  5) 


So  that 


E 5 q. 


(equation  6) 


Equation  (6)  is  by  definition  an  "asymptotic  elastic  modulus  for 
delayed  elasticity". 

The  stress  for  the  imaginary  test  shown  in  Figures  24  and  25  can 
also  be  found  by  applying  appropriate  boundary  conditions  to  the  solu- 
tion for  the  constitutive  equation  (eqn.  l)t  and  it  can  be  expressed 
as  follows « 


for  © £ ^ j <r=.a^ 

, ^ -<hil  . 

for  t,it  i*°  ) <T-  at,  (i-  e f.  ) + 
Note  that  at  t-  «6 


(equation  ?) 


(equation  8) 


£>0 


So  that  E^  • (aquation  9) 

which  is  consultant  with  the  definition  of  E—  given  in  equation  (6), 

In  Figure  24,  the  time  t2  can  ha  computed  by  evaluating  the  tine 
derivative  of  equation  (?),  One  obtains  the  relation) 

<*-«,!  * 

, ?, 

. ~(sn  -Z.) 

p. 

Setting  this  equal  to  the  geometric  slope  In  Figure  24 

- _ _ (v; 

Solving  for  tgi 


(using  equation  8) 


t2  - tx  + pi 


(equation  10) 


Similarly,  in  Figure  25,  the  tine  to  can  be  computed  by  evaluating 
the  tine  derivative  of  equation  (2)  at  t-0.  One  obtains  the  relation) 

etc),  2L(,-  •Li-') 

?'  t 

Setting  this  equal  to  the  geometric  slope  in  Figure  25,  and  using 
equations  (3)  and  (5)1 

S.(,.  & 

1>  t +T — 

Solving  for  ty 

t_  - ^1  (equation  11 ) 

^ 9o 


Equations  3,  5»  3,  10,  and  11  all  relate  the  experimentally  measure- 
able  quantities^  , C0  , , t,,  t2,  and  to,  with  the  three  material 

parameters,  q0,  q^ , and  p,.  Since  it  is  felt  that  (and  therefore  t_) 
cannot  be  as  accurately  determined  as  the  other  quantities,  equations  J 
3«  8,  and  11  represent  3 independent  equations  which  would  be  best  to 
determine  qg,  q^,  end  pj. 


If  one  applies  a step  stress,  (7^  . to  the  material  at  t*0,  then  in 
general  one  oan  define  a function  J(t;  suoh  that 


4tt)*  cr0 


(equation  12) 


where  j(t)  is  a monoto  ideally  increasing  function  which  by  definition 
is  the  creep  compliance.  Similarly,  if  one  has  a stress  applied  to  the 
material  such  that  some  strain^  1 has  been  obtained  at  a time  t-t^, 
and  if  at  one  fixes  the  strain  at  then  in  general  one  can 

define  a function 


0"*  (t-t^)  - Y(t-t1)  (equation  13) 

And  the  function  "YM  is  by  definition  the  stress  relaxation  modulus. 

The  functions  "YM  and  "J"  are  connected  through  their  La  Place 
Transforms  by  the  relation 


where 


Tf3)  * '/sV  (equation  14) 
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For  a three  parameter  solid,  tm  » \ . 

f'  <• 

- V - ^/p 

and  *■  e.  * 3*  ( 1 - «■  ) 

ft  t 


(equation  15) 


(equation  16) 


10.2  Experimental 

After  some  initial  false  starts  on  tensile  specimen  geometry,  the 
geometry  shown  in  Figure  26  was  chosen.  This  specimen  has  a 4"  gauge 
length  and  a 1"  x 1"  cross  section  in  the  gauge  section  of  the  specimen. 
An  aluminum  master  specimen  was  machined  with  precision.  This  served 
as  a positive  for  casting  many  permanent  molds  with  polystyrene.  The 
polystyrene  molds  accurately  replicated,  the  shape  of  the  master  specimen. 
The  two  flat  faces  of  the  molds  were  sealed  with  glass  plates,  and  gela- 
tin was  cast  into  these  molds  through  a hole  in  one  of  the  grip  ends 
(the  top  while  casting).  After  the  specimen  had  gelled,  the  glass  plates 
were  removed  and  the  specimen  lifted  from  the  mold. 


Initial  tests  used  to  evaluate  preliminary  tensile  specimen  geometries 


62 


demonstrated  that  the  gelatin  undergoes  plastic  deformation  (creep)  at 
low  strain  rates.  It  quickly  became  apparent  that  this  behavior,  (not 
allowed  fdta  tie  development  of  the  classical  theoretical  model  dis- 
cussed in  section  10, l),  would  limit  the  usefulness  of  the  model  de- 
scribed in  section  10,1, 

19.i2tl  Quasi-Static  Tests 

Several  gelatin  specimens  were  hung  freely  with  a grip  attached  to 
each  end.  Small  weights  of  1-5  Its,  were  aided  to  the  lower  grip.  The 
specimen  was  allowed  to  deform  over  a period  of  time  due  to  the  effect 
of  its  own  weight  and  the  added  weight*  The  temperature  was  constant 
during  the  test.  If  the  specimen  fractured,  the  weight  of  the  gelatin 
below  the  point  of  fracture,  the  grip  weight,  and  the  added  weight  were 
combined  to  measure  the  fracture  stress.  If  the  combined  stresses  were 
smaller  than  some  minimum  fracture  stress,  the  specimen  would  not  frac- 
ture in  tests  up  to  120  hours.  Tests  were  not  run  beyond  that  time. 

The  quasi-static  fracture  stress  was  between  5, 7-6,1  lb/in2  at  10°C, 
See  Table  VI,  The  6°C  tests  showed  the  threshold  fracture  stress  found 
at  10°C  is  certainly  temperature  dependent. 


Table  VI 

Quasi-Static  Stress  versus  Time 


Sample  Stress(-pal) Time ( hr s . ) Temp , ( °G ) Comment s 


A 

9.8 

less  than  48  hrs. 

6.0 

fracture 

B 

8.8 

II 

6.0 

fracture 

C 

7.7 

II 

6.0 

fracture 

D 

8.7 

II 

10 

fracture 

E 

6.3 

1.5 

10 

fracture 

F 

5A 

96 

12.2 

No  fracture 

G 

5.7 

120 

1C.0 

No  fracture 

H 

6.1 

24 

10.0 

fracture 

10,2,2  Oil  Cylinder  Tests 
10,2,2,1  Apparatus 

One  of  our  objectives  was  to  observe  the  properties  of  gelatin  over 
a wide  range  of  strain  rates.  Four  different  apparatus  modifications 
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were  used  to  study  this  range t an  oil  cylinder  test,  an  air  cylinder 
test,  a drop  weight  test,  and  a gas  gun  test, 

A pneumatic-hydraulic  double  acting  cylinder  (Flairline  F-2-fc"  x 8M) 
was  used  to  deform  gelatin  specimens  in  the  oil  cylinder  tensile  tests. 

A framework  and  manifold  system  incorporating  the  cylinder  was  built. 
Strain  rates  of  10“^  - O.l/sec  were  measured  when  oil  was  used  in  the 
cylinder.  A lever  arrangement  was  later  added  onto  the  system  increasing 
the  stroke  produced  by  the  cylinder  from  8 to  12  inches.  The  tensile 
specimens  were  cast  in  glass  and  polystryrene  molds.  Small  metal  rings 
(3/V'  I.D.)  were  placed  in  the  grip  sections  of  the  specimens  to  stiffen 
the  gelatin  inside  the  grip  sections.  Without  the  rings,  a gelatin 
tensile  specimen  could  not  be  pulled  to  fracture  without  the  specimen 
slipping  out  of  the  grips.  The  responses  from  the  load  cell  and  clip 
gauge  were  recorded  on  Foxboro  Dynalog  recorders. 

Both  the  clip  gauge  and  the  load  cell  for  the  experiments  were 
custom  built.  The  load  cell  consisted  of  two  equivalent  rectangular 
phosphor-bronze  strips.  The  strips  were  given  similar  curvatures  and 
were  soldered  rigidly  into  end  plates,  A strain  gauge  was  glued  firmly 
to  the  interior  surface  of  one  strip  and  one  to  the  outer  surface  of 
the  other  strip.  The  strain  gauges  vary  their  resistance  when  the 
strips  are  compressed  or  extended  under  load  - one  resistance  is  de- 
creased, the  other  resistance  is  increased.  This  arrangement  doubles 
the  response  of  the  recorder  as  compared  to  that  for  a single  strain 
gauge.  A clip  gauge  consisted  of  only  one  curved  phosphor-bronze  strip 
with  one  strain  gauge  glued  firmly  to  each  side. 

The  clip  gauge  and  load  cell  were  calibrated  frequently,  and  the 
calibrations  were  found  to  be  generally  stable  for  both. 


10,2,2,2  Results 

The  oil  cylinder  tests  are  summarized  in  Table  VII,  Each  test  was 
plotted  with  engineering  stress  on  the  ordinate  and  the  engineering  strain 
on  the  abscissa.  The  engineering  stress  is  the  load  divided  by  the  orig- 
inal cross-sectional  area  of  the  gauge  length,  which  for  all  the  tensile 
specimens  was  1.0  in^.  The  engineering  strain  was  calculated  by  dividing 
the  elongation  in  inches  by  the  initial  gauge  length  which  was  4,0  inches. 
The  engineering  strain  rate  was  calculated  by  dividing  crosshead  velocity 
by  the  initial  gauge  length  of  4,0  inches.  The  stress  and  strain  dis- 
cussed in  this  report  will  always  refer  to  engineering  stress  and  engineer- 
ing strain. 

In  the  plots  of  strain  rates  of  5 ~ 8 x 10“^/sec  (Figures  27  and  28), 
the  modulus  began  to  decrease  at  an  engineering  strain  of  about  0.17. 

Creep  was  probably  responsible  for  this  behavior.  At  the  strain  rate  of 
2.2xl0”3/sec,  the  stross-strain  curve  for  Sample  R (Figure  29)  was  linear 
nearly  up  to  fracture.  The  visco-elastic  transition  strain  rate  was 
between  8x10“^  -2,xl0"3/sec,  Sample  R had  passed  beyond  this  transition 
strain  rate.  Creep  was  not  an  appreciable  part  of  the  total  strain  for 
strain  rates  above  the  ‘transition  strain  rate. 
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Table  VII  Summary  of  Oil  Cylinder  Tests 
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Figure  21:  Stress  vs.  Strain  - Sairple  1*5.5*10'  /sec 


As  the  strain  rate  Increased,  the  peak  stress  on  the  specimens  before 
fracture  increased.  Figure  30  shows  peak  stress  plotted  on  the  ordinate 
and  straiu  rate  plotted  logarithmically  on  the  abscissa.  The  gelatin 
specimen  fractured  within  a range  of  stresses  at  a particular  strain  rate. 

As  the  nominal  strain  rate  increased,  the  strain  of  the  gelatin 
specimen  at  fracture  generally  increased.  See  Figure  Jl,  Having  compared 
tests  at  the  same  strain  rate  but  different  temperatures,  the  lower  tem- 
perature tests  fractured  at  higher  strains.  The  6.0°C  tests  fractured 
at  a nominal  strain  of  i. 0-1.15  at  strain  rates  between  3xiO-3/sec  and 
2.5xlO-2/Sec.  Specimens  at  10°C  fractured  at  strains  of  0.30-1.10  for 
strain  rates  between  5x 10”^/sec  and  9xi0"^/sec. 

The  elastic  modulus,  E,  was  29  psi  at  strain  rates  between  5 and 
8x10“7 sec.  See  Figure  32.  The  elastic  modulus  for  each  of  the  tests 
was  calculated  by  measuring  the  initial  slope  of  the  stress-strain  curve 
through  the  point  where  the  specimen  was  under  zero  stress.  The  elastic 
modulus  at  10°C  tended  to  decrease  from  strain  rates  of  about  4x10 "-V sec 
to  a minimum  at  a strain  rate  of  about  9xl0“^/sec.  Young’s  modulus  for 
6°C  tests  were  lower  than  tests  at  10°C, 

The  stresti-s train  plots  of  the  remaining  oil  cylinder  tests  can  be 
found  in  Figures  33  through  49.  Several  tests  are  grouped  together  when 
they  have  similar  strain  rates. 

10.2.3  Air  Cylinder  Testa 

10.2.3.1  Apparatus 

A double-acting  air  cylind  (WABCO-L3W-l|"xl6" ) was  used  for  the  air 
cylinder  tests.  The  cylinuer  wai>  mounted  on  a frame  and  the  specimens 
were  mounted  on  a crossbeam  in  line  with  the  cylinder  rod.  Compressed 
air  (90psi  oapaoity)  was  used  to  drive  the  cylinder.  The  piston  velocity 
was  controlled  by  altering  the  input  air  pressure  or  adjusting  a valve 
constriction  on  the  input  air  line.  Strain  rates  of  0.025/sec  to  5-l/sec 
were  measured  with  the  air  cylinder.  At  higher  strain  rates,  the  limita- 
tion of  response  time  on  the  Foxboro  recorders  made  it  necessary  to  use 
an  oscilloscope  (Tektronics  545A  with  a Type  Q plug-in  unit)  and  a timer 
(Transitor  Specialities  Model  3^5-F)»  "Die  oscilloscope  displayed  load 
versus  time  directly.  The  oscillosoope  was  calibrated  before  each  run 
by  hanging  a known  weight  on  the  load  cell.  The  strain  rate  was  obtained 
by  measuring  the  time  interval  for  the  moving  grip  to  traverse  a known 
distance  during  the  aotual  test  (while  under  load). 

At  higher  strain  rates  (o.50/sec)  the  gelatin  specimen  would  slip 
completely  out  of  the  grips  used  previously.  After  trying  several  ap- 
proaches, it  was  decided  to  incorporate  the  grips  into  the  gelatin  directly. 
A short  piece  of  •§■"  rod  was  cut  to  fit  across  the  widest  part  of  the  grip 
section.  A piece  of  terry  cloth  was  draped  across  the  rod  are!  a clip  was 
slipped  over  both  the  terry  cloth  and  rod.  The  clips  were  5/8"  I.D. 
tubing  as  ^ong  as  the  rod  and  with  longitudinal  slots  cut  into  them. 

A second  piece  of  terry  cloth  was  draped  over  the  clip.  The  four 
resulting  terry  cloth  strips  extended  down  into  the  gauge  section,  and 
were  separated  from  each  other  (with  small  rolls  of  paper)  to  maximize 
the  gelatin-cloth  adhesion. 
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Figure  36:  Stress  vs.  Strain  - Samples  C,E,  and  F 2.5*10  /sec 
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Figure  49:  Stress  vs.  Strain  - Samples  I and  K - 9.2 


After  the  gelatin  was  cast  and  galled,  the  short  rod  was  replaced 
with  a longer  rod,  which  provided  stub  ends  for  securing  the  ipeciaen 
In  the  various  test  configurations. 

The  (f  .atin  specimens  were  kept  at  refrigerator  temperature  for 
one  day  rior  to  testing.  Bach  specimen  was  then  taken  out  of  the 
refrigerator  and  the  test  was  run  within  2 minutes  to  prevent  the  gela- 
tin from  warming  excessively. 

10.2.3.2  Results 

The  air  cylinder  test  results  are  summarized  in  Tables  VIII  and  IX, 

The  air  cylinder  data  was  divided  Into  tests  recorded  by  the  Foxboro 
recorders  and  tests  recorded  by  the  oscilloscope  and  timer. 

Peak  stress  continued  to  Increase  with  Increasing  nominal  strain 
rates.  The  peak  stress  prior  to  fracture  Increased  roughly  20  psi  as  the 
strain  rate  Increased  tenfold.  See  Figure  50, 

The  strain  at  fracture  also  increased  as  the  strain  rate  Increased, 

See  Table  VIII^  The  strain  was  1,1  at  a strain  rate  of  0,025/eec,  1,6 
at  a strain  rate  of  0,14/sec,  and  2,0  at  a strain  rate  of  0.5l/soc, 

The  modulus  of  elasticity  decreased  to  the  range  of  12  to  20  psi 
at  nominal  strain  rates  between  0,1/sec*  and  1.0/sec,  This  represented 
a minimum  when  compared  to  the  elastic  moduli  of  the  oil  tests  and  sub- 
sequent air  tests.  See  Figure  51,  In  those  tests  the  gelatin  specimens 
contained  metal  rings  In  the  grip  sections  to  improve  the  rigidity  of 
the  grip  sections.  Stress  and  strain  were  plotted  simultaneously  on 
two  Foxboro  Dynalog  recorders.  The  slope  of  the  initial  stress-strain 
curve  was  leasured  to  calculate  the  elastic  modulus. 

Observing  the  curves  for  Samples  2-G  to  2-N  (Figures  52  to  57)  the 
initial  elastic  modulus  appeared  to  be  constant  to  a strain  of  about 
0,50.  From  that  point  the  elastic  modulus  approximately  doubled  and  the 
modulis  appeared  to  remain  oonstant  at  its  new  value. 

It  must  be  kept  In  mind  that  the  air  cylinder  test  was  a "soft  test 
machine"  test.  The  air  in  the  cylinder  was  compressible  allowing  for  a 
decreasing  strain  rate  as  an  opposing  force,  In  this  case  from  the  gela- 
tin specimen.  Increased, 

The  elastic  modulus  for  the  air  cylinder  test  within  a strain  rate  of 
1.0/sec  to  5»0/sec  was  between  31-50  psi.  In  ftLl  these  tests  the  new  grips 
which  we  embedded  in  the  gelatin  specimen  were  used.  The  stress  and  strain 
were  measured  by  the  oscilloscope  and  timer.  The  strain  rate  acquired  from 
the  timing  measurement  was  used  as  though  It  was  a "hard"  test  measurement 
although  the  air  test  was  actually  a "soft"  test.  To  calculate  the  strain 
at  fracture,  the  pxu  uct  of  the  crosshead  velocity  and  rise  time  was  di- 
vided by  the  gauge  length  (4  in,).  Rise  time  s the  time  Interval  between 
zero  stress  and  peak  stress  on  the  stress-time  curve.  Sea  Figures  58 
through  6l»  Since  the  strain  rate  was  larger  than  the  viscoelastic  tran- 
sition velocity,  the  stress-strain  curve  was  assumed  to  be  linear.  The 
elastic  modulus  for  the  oscilloscope  tests  was  calculated  by  dividing  the 
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Figure  51:  mastic  Modulus  vs.  Nominal  Strain  Rate  - Air  Tests 


Figure  53:  Stress  vs.  Strain  - Samples  2K  and  2L  - 0,1^/sec 


peak  stress  by  the  calculated  strain  at  fracture, 

10.2.4  Drop  Weight  Taste 

10.2.4,1  Apparatus 

In  ths  drop  weight  test  two  gelatin  specimens  were  fractured  simul- 
taneously  by  dropping  a large  weight  froa  various  heists.  Since  the 
height  varied  froa  1 to  25  feet,  the  test  was  conducted  outside  the  lab 
on  cooler  days  during  the  spring.  Four  concrete  pillars  were  erected 
to  support  the  experiment.  Two  gelatin  specimens  were  used  for  each  test} 
one  for  the  stress-time  measurement,  and  one  as  a dummy  to  provide  load- 
ing symmetry.  A gelatin  specimen  was  hung  from  a crossbeam  between  each 
pair  of  pillars.  One  of  the  crossbeams  was  instrumented  with  a load  cell 
in  the  form  of  a simply  supported  beam  with  an  array  of  strain  gauges  at- 
tached. The  lower  grip  of  each  specimen  was  attached  to  a heavy  angle 
iron  which  was  horizontally  disposed  between  the  two  pairs  of  pillars 
such  that  the  dropping  weight  would  impact  on  it  at  Its  center.  The 
weight  of  this  angle  iron  was  carried  before  impact  by  hanging  it  from 
light  strings  which  broke  on  impact.  The  four  strain  gauge  load  cell 
output  was  appropriately  connected  to  & Tektronics  545B  oscilloscope 
with  a Type  Q plug-in  unit.  Calibration  was  checked  before  each  test 
by  hanging  a known  weight  from  the  load  cell.  The  120  lb.  drop  weight 
was  raised  to  a measured  distance  above  the  angle  iron  bare  two  specimens 
removed  from  the  refrigerator  and  affixed  in  the  grips,  and  the  test  was 
run  immediately,  usually  in  less  than  a minute  after  the  specimens  came 
out  of  the  refrigerator.  All  specimens  were  used  one  day  after  they  were 
cast.  The  data  obtained  were  in  the  form  of  a stress-time  curve  Imme- 
diately following  impact  of  the  120  lb,  weight.  The  velocity  of  the 
weight  at  impact  was  accurately  known  by  calculation,  and  since  its 
kinetic  energy  was  far  in  excess  of  the  work  required  to  break  the  spec- 
imen, the  experiment  could  be  considered  a "constant  crosshead  velocity" 
or  a "hard  test  machine”  test. 

10.2.4.2  Results 

The  results  iron  the  drop  weight  tests  are  summarized  in  Figures  62 
through  64  and  are  shown  in  Figures  65  through  68  and  in  Table  X,  The 
peak  stress  continued  to  increase  as  the  strain  rate  became  larger.  See 
Figure  62,  The  strain  of  the  gelatin  at  fracture  decreased  from  2.4  to 
1.0  between  the  strain  rates  of  24/sec  and  48/sec.  See  Figure  63.  The 
fracture  strain  then  romainsd  nearly  constant  between  the  strain  rates 
of  48/seo  and  120/sec,  The  strain  of  2,4  at  24/sec  was  roughly  equal  to 
the  measured  strain  of  1, 9-2,1  found  ir.  the  air  cylinder  tests  at  a 
strain  rate  of  0,78/sec. 

The  elastic  modulus  at  24/sec  was  nearly  equal  to  the  moduli  of  the 
air  cylinder  tests.  See  Figure  64.  The  modulus  increased  from  50  psi 
to  160  psi  when  the  strain  rate  increased  from  24/sec  to  48/sec.  The 
elastic  modulus,  S,  continued  to  increase  as  the  strain  rate  became  larger, 
reaching  22  5 psi  at  120/seo, 
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Figure  635  Strain 


Figure  64:  Elastic  Modulus  vs.  Nominal  Strain  Rate  - Drop  Weight  Tests 
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Figure  67:  Stress  vs.  Time  - Drop  Weight  Tests  4,8,  and  14  - 72/sec 
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10.2.5  Gag  Gun  Tots 
10.2.5.1  Apparatus 

The  gelatin  specimens  were  stretched  to  fracture  by  hitting  a set  of 
movable  grips  with  a sisal  projectile  fired  frc«  a compressed  s&m  gun. 

Lik?  the  drop  weight  teste , two  gelatin  specimens  were  broken  during 
eaoh  twit  run,  but  the  stress-tine  curve  wan  only  observed  on  one  sastple* 
The  projectile  was  a 2**  long,  1"  diameter  cylinder  moving  at  velocities 
fron  25O-65O  ft/sec.  The  load  cell  lees  connected  to  the  oscilloscope  as 
in  the  drop  weight  teste.  The  load  cell  was  calibrated  each  time  before 
a test  run.  The  gelatin  specimens  were  taken  out  of  the  refrigerator, 
placed  in  the  grip  aad  the  test  was  run  immediately.  The  peak  stress 
and  the  rise  time,  tj,  wore  obtained  for  each  run. 

The  a&an  of  the  projectile  was  1 lb.  and  the  mass  of  the  movable 
gripe  warn  3 lb.  If  one  assumee  an  elastic  collision  between  the  two,  then 
conservation  of  energy  and  conservation  of  momentum  require  that  the  grips 
move  with  owe  naif  the  projectile  velocity  (aee  Appendix  I),  This  result 
was  used  to  compute  croash&ad  velocities  for  known  (measured)  projectile 
velocities. 

10.2.5.2  Results 

The  reaults  of  th*.  gura  teat  are  shown  in  Table  XI.  The  peak  stress 
continued  to  incicuioo  as  the  strain  rate  was  increased.  See  figure  69. 

The  gas  gun  teat  iw  classified  as  a "hard  test  machine"  test  (ins weed  of 
soft)  because  the  energy  required  to  fraoture  the  specimen  is  eo  much  Xers 
than  the  kinetic  energy  available.  The  elastic  modulus  appeared  to  in- 
crease linearly  as  the  strain  rate  Increased,  but  the  modulus  was  much 
lewsr  than  the  preceding  drop  weight  moduli,  (between  15-46  pel  over  the 
test  range).  See  Figure  70.  The  modulus  was  calculated  by  dividing  the 
product  of  the  gauge  length  and  the  peak  .stress  by  the  product  of’  the 
aroashead  velocity  end  the  riue  time.  The  rise  time,  tf0  is  the  time  of 
fracture  determined  from  the  stress-time  curve,  individual  stress-time 
curves  ore  shown  in  Figures  71  through  73, 

10.2.6  Comparison  of  Results 

Peak  stress  increased  when  the  strain  rate  became  larger.  A stress 
of  9.5  pel  fractured  a specimen  at  8xlQ*4/8ec  whereas  160  psi  was  re- 
quired for  fracture  at  a strain  rate  of  975/sec.  See  Figure  74. 

Strain,  at  fraoture  increased  from  0,50  to  2,4  as  the  strain  rate  went 
from  5*10~y*8c  to  24/sec.  See  Figures  31  and  63.  A sharp  decline  in 
fracture  strain  occurred  from  2.4  to  0,5  when  the  strain  rate  went  fron 
24/sec  to  48/sec, 

The  elastic  modulus  did  not  show  a clear  and  simple  trend  as  th« 
strain  rate  increased.  See  Figure  75,  The  elastic  modulus  decreased  as 
the  strain  rate  increased  from  4x10“  V8ec  to  8xlO~Vsec,  The  modulus  re- 
mained at  about  30-50  psi  from  strain  rates  of  1.0/ sec  to  24/stc.  A sharp 
increase  in  the  elastic  modulus  occurred  between  24/sec  to  48/sec  in  the 
drop  weight  teats,  and  continued  to  increase  to  an  apparent  pea!;  of  225  psi 
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Figure  73:  Stress  vs.  Time  - Gun  Test  8,  9 and  10 
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*t  a strain  rats  of  120/aec,  The  elastic  moduli  (15-46  pel)  of  the  gun 
tests  sere  auoh  less  then  the  elastio  moduli  of  the  drop  weight  tests. 

10*2.7  Fracture  Surfaces 

When  tensile  specimens  fractured  at  strain  rates  below  2xlG"2/sec, 
the  fracture  surface  exhibited  very  fine  etriatione  radiating  from  the 
point  of  crack  initiation.  The  presence  of  the  fine  striatiens  caused 
a diffusely  reflecting  surface.  At  strain  rates  above  2xl0“2/sec,  a 
smooth  glassy  surface  appeared  in  the  portion  of  the  fracture  surface 
shiah  fractured  last.  This  glassy  surface  was  free  of  striations  and 
was  a specular  reflecting  surface.  As  the  strain  rate  increased  further, 
the  portion  occupied  ty  the  glassy  surface  became  larger  until  it  covered 
the  entire  fracture  surface.  It  is  fair  to  assume  the  glassy  surface 
characterised  the  higher  velocities  of  crock  propogatlon. 

10,2.8  Ultrasonic  Wave  Velocity 

The  ultrasonic  propogatlon  velooity  in  gelatin,  V,  was  measured. 

By  the  general  relation  V =je/f>.  Young's  modulus  oould  be  calculated 
from  the  velocity  using  the  gelatin  density. 

The  tests  sere  performed  with  a Model  66 00  Mateo  Pulse  Modulator 
and  Receiver  with  a Mateo  Model  950B  RP  Plug-in  Unit.  A 1.0"x0.5H 
Aeroteoh  Gamma  2,25  MHz  transducer  was  used.  Table  XII  shows  the 
results. 

Table  XII  Ultrasonic  Test  Results 

Run  n d t V 

Mo.  (intervals)  (cm)  (to  sec)  (ca/u  set:) 


1 

2 

2<555 

32.5 

0.1 5r’ 

2 

2 

2.675 

35.0 

0.153 

3 

4 

8,892 

230 

0.155 

4 

6 

8,892 

337.5 

0.158 

<V>  - 

0,156  om^u  sec  ■ 

1,56  x 10-*  ca/sec 

f - 1.060  g/c*3 


£ 


yv2  - (1.060  g/cm3)  (l.56xlo5  cm/sec)2 
2.56X1010  - 3.7x105  psi 


Although  the  meaning  of  strain  rate  is  net  clear  for  this  type  of 
excitation,  the  fact  that  the  excitation  occurred  at  2,25  MHz.  implies 
that  the  modulus  calculated  in  this  fashion  in  some  say  represents  the 
limit  of  high  strain  rate. 
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10,2.9  Shear  Tests 


10,2,9.1  Apparatus 

The  shear  specimen  consisted  of  a thin  gelatin  sheet  bonded  between 
two  overlapping  metal  plates.  The  gelatin  specimen  was  about  l/8"  thick 
and  1"  square.  See  Figure  76.  The  metal  plates  were  sanded  to  leave  a 
fresh  metal  surface  and  then  thoroughly  washed  in  detergent  and  water  to 
degrease  the  metal  surface.  Unfinished  leather  was  first  bonded  to  the 
metal  plates  with  contact  cement,  Duco  cement,  or  epoxy  cement  and  allowed 
to  dry  completely.  The  leathered  plates  were  properly  overlapped  and 
spaced  in  pairs  before  gelatin  was  cast  between  them  and  refrigerated. 

Hie  contact  cement  and  the  Duco  cement  prematurely  failed  between  the 
plates  and  the  leather  when  a sufficient  force  (10  lb.)  was  applied. 

The  epoxy  cement  produced  a suitable  shear  specimen.  The  leather,  how- 
ever, was  not  a rigid  material}  it  deformed  under  the  application  of  a 
shear  stress.  The  strain  measured  in  a shear  test  using  leather  was  a 
combination  of  leather  strain  and  gelatin  strain. 

When  l/8"  gelatin  layers  were  bonded  to  freshly  cleaned  metal  plates 
with  Eastman  910  adhesive  (methy 1-2-cyanoacrylate) , the  gelatin  sheared 
without  the  failure  of  the  gelatin-metal  bond.  The  only  strain  measured 
in  this  case  wan  the  strain  in  the  gelatin.  The  drying  time  for  the 
Eastman  910  was  only  a few  minutes.  The  shear  specimens  used  for  data 
were  then  made  using  Eastman  910. 

The  shear  specimen  was  placed  in  slotted  grips  on  the  oil  cylinder 
test  apparatus.  The  specimens  were  pulled  longitudinally.  A clip  gauge 
was  fastened  to  each  plate,  bridging  the  gelatin.  The  stress  was  meas- 
ured by  the  simple  beam  load  cell  described  previously.  Stress  and  strain 
were  recorded  on  Foxboro  Ifynalog  recorders.  The  specimens  were  taken  out 
of  the  refrigerator  and  pulled  within  2 minutes  so  that  the  gelatin 
temperature  was  between  5-10°C. 

10,2,9.2  Results 

Figures  77  through  87  and  Table  XIII  show  the  results  of  the  shear 
tests.  Shear  strain  is  equal  to  the  displacement,  1,  divided  by  the 
thickness  of  the  gelatin  shear  specimen.  The  shear  stress  is  the  shear 
load  divided  by  the  specimen  area.  The  shear  modulus  for  each  test  was 
calculated  from  the  initial  slope  of  the  stress-strain  curve.  The  strain 
rate  was  calculated  by  dividing  the  strain  at  some  point  along  the  Initial 
slope  of  the  stress-strain  curve  by  the  corresponding  time  found  on  the 
strain- time  curve. 

All  shear  tests  were  conducted  with  specimens  made  by  using  Eastman 
910.  The  shear  modulus  varied  from  4.2  to  23  psi.  Figures  88  and  89  shew 
shear  modulus  versus  shear  strain  rate  and  shear  modulus  versus  peak  shear 
stress  respectively. 

10.2.10  Coefficient  of  Friction 


The  coefficient  of  rolling  fri ction  was  measured  experimentally 
using  two  smooth  gelatin  wheels  rotated  in  contact  with  one  another. 
Two  seven  foot  strips  of  gelatin  were  placed  around  the  rims  of  two 
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ampl«  12,  15  and  23  - 0,016/ »ec 


Stress  vs.  Shear  Strain 


Sample  2< 


Figure  86s  Shear  Stress  vs.  Shear  Strain  - Samples  4 and  19  ~ 0.18/; 


■ W-  WPWVJ  cfi 

3 


m 


os 

4» 

I 

w 


B 

1 


5~ 

S3 

'w' 

Ij 

CO  « 


« 


5 

CO  tl 

B 

1“ 

CO 

1'. 

CO^H 

35 

CO 


3i 

33 

CO  sj 

IS 

A*  CO 


a 

II 


O H 
• • 

© CO  \0 
CM 


»T\ 


<M  4 C*-  H © CN.f*C*'vt'-W'ti-|V'<M‘\CM*OiC'S 

NO  ^ SO  NOJ(\j\ONv5^^^H^^ 


• » • 
© o o 


CO  N CM  VO 


£ 

S' 

1 

ft 

o 

o 

s 3 

8 

H 

c*- 

r4 

H 

123 

VC 

2 

O 

C^V 

H 

& 

H 

c~- 

H 

vs 

H 

VS 

rs 

o' 

o' 

o* 

o 

o 

o 

o 

o 

d 

o 

o 

o 

o‘ 

o‘ 

co 

o 

CO 

o 

00 

CO 

*C, 

CM 

CO 

4 

CO 

co 

CM 

cm' 

<«A 

<A 

o 

CM 

cm 

vA 

vO 

4 

H 

VO 

rv 

sais&^ssisjjsussisi 

oooooooooooooooooo 


CO  NO  O'  O ONVOCO  O'HnnCOH^NCD  H CM 
• *«•••••»•»•»••••• 
urs0sC''»0sC'SCMCMV'VMDCs.4Oe'NCM*^CMr}rJ 


4<MJt4NJt(r'nN«n444^N3^ 


58 

NO 

O' 

o 

00 

Os 

o 

vrs 

4- 

O 

vs 

(V 

& 

VS 

4- 

o 

4- 

<r> 

rs 

+>  12 

a 

3 

f'S 

H 

2 

o 

ft 

CM 

CM 

cs 

H 

CM 

H 

5 •3 

c4 

H 

H 

H 

H 

r-4 

H 

H 

ft 

ft 

H 

H 

H 

• -rj 

d 

o 

o 

© 

© 

o 

d 

o’ 

o 

o 

o 

© 

o 

O 

© 

o 

o’ 

o’ 

og 

CM 

55 

*iw 

vs 

co 

* 

ft 

vS 

£ 

o 

CO 

cv 

CO 

C^- 

ov 

00 

ft 

C^i 

Os 

£ 

CN 

CM 

Os 

£ ft 

3| 

d 

o’ 

d 

o’ 

© 

o’ 

© 

d 

o’ 

o’ 

o 

© 

o 

d 

d 

o’ 

o 

© 

10  • 

4- 

CM 

rs 

VS 

fs 

CO 

o 

f) 

CM 

v£) 

CM 

vO 

4- 

c 

4 

Os 

ft 

5 5 

E~<  tC 

CM 

H 

CM 

ft 

r 1 

H 

ft 

CM 

r-t 

CM 

•H 

CM 

139 


Figure  88:  Shear  Modulus  vs.  Shear  Strain  Hate 


bicycle  wheels.  Both  wheels  were  fro®  to  rotate  about  tkeir  own  axles „ 
The  axle  of  one  wheel  was  held,  rigidly  in  place  while  the  other  wheel 
was  allowed  to  move  in  its  plane  of  rotation  using  a hinged  mounting 
arrangement.  Placing  weights  on  the  novebble  whwel  mounting  ’iramewcoek 
would  create  a known  normal  foroe  at  the  point  of  contact  with  the  fixed 
wheel. 

By  accounting  for  the  energy  losses  when  a knows  energy  ms  placed 
into  the  system*  the  rolling  coefficient  of  friction  could  be  calculated. 
A known  energy  input  was  created  by  letting  known  w sights  drop  through 
known  distances  while  doing  work  causing  the  wheel  to  rotate.  On  each 
wheel*  a fishing  cord  was  tied  to  a weight  and  fitter  au  a slot  around 
a pulley  mounted  on  the  wheel.  The  total  work*  W4.  done  on  each  wheel 
by  dropping  the  weight  is  the  energy  input  on  that  wheel. 

The  sr^lyels  in  Appendix  J shows  that  merely  knowing  the  total  nua^ 
ber  of  revolutions  the  wheels  make  before  stopping  is  enough  to  deter- 
mine the  coefficient  of  rolling  friction  (if  the  sane  is  known  for  the 
wheels  when  they  are  not  in  contact).  Table  XIV  summarises  the  results. 
The  rolling  coefficient  of  friction  ranged  from  0.0142  to  0,0351* 


Table  XIV  Coefficient  of  Rolling  Friction 


Test 

No. 

(lb) 

N 

(lb) 

n 

(rev) 

w 

(ft-lb) 

q 

(ft-lb) 

oontapt 
area  (in) 

^roll 

1 

1.3 

3.3 

14 

2.84 

96 

2.62 

0.0152 

2 

1.3 

3.3 

14.5 

2.84 

96 

2.62 

0,0142 

3 

1.3 

6.8 

6.25 

2.84 

96 

3.06 

O.OI85 

4. 

1.3 

6.8 

6.67 

2.84 

96 

3.06 

0.0173 

5 

1.3 

10.0 

3.67 

2.84 

96 

3.12 

0,0222 

13 

3.3 

4-.  4 

22,33 

7.2 

161 

2.62 

0,0184 

14 

3.3 

4.4 

22,25 

7.2 

l6l 

2,62 

0,0184 

11 

3.3 

6.8 

8.5 

7.2 

l6l 

3.06 

0.0351 

12 

3.3 

6.8 

8.75 

7.2 

l6l 

3.06 

0,0341 

6 

3*3 

10.0 

9.5 

7.2 

161 

3.12 

0.0212 

7 

3.3 

10.0 

9.25 

7.2 

161 

3.12 

0,0218 

8 

3.3 

14.3 

4,67 

7.2 

l6l 

3.32 

0.0301 

9 

3.3 

14,8 

4.5 

7.2 

161 

3.32 

0.0313 

10 

5.3 

14.8 

6,67 

7.2 

198 

3.32 

0.0339 

11,0  Conclusions 

A normal  value  for  density  of  the  20#  gelatin  is  1.060  gm/ml.  When 
stored  at  7°C  in  37-39#  humidity,  the  density  increases  slowly  for  7 to 
20  days,  rising  to  1,090  g/ml.  After  that,  it  increases  0.008  to  0,010 
g/nl  per  day.  There  seems  to  bo  a limiting  maximum  density  of  1 310  to 
1.320  g/ml  after  40  days.  This  range  corresponds  to  roughly  80-90#  gela- 
tin by  weight. 

A nominal  value  for  thermal  conductivity  is  8,5x10"^  cal  sec"^-°c"^cm“-\ 
The  average  specific  heat  is  0,72  cal  g"l0c  , The  gelatin  can  be 
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I characterised  bjr  an  equivalent  passive  circuit  in  which  thara  la  a 

| specific  oapaeltanoe  of  0,01  fared -cn/ca2  if  tha  applied  fiald  la  laati 

{ than  0,6  volts/ca.  Above  this,  tha  fiald.  apparently  breaks  bonds , 

causing  alaotrioal  properties  to  change  radically,  Balov  tha  critical 
fiald*  tha  apaoifio  oapaeitanca  appears  independent  of  applied  field. 

Fracture  stress  ranged  froa  6 pai  to  160  pai  over  a range  of  strain 
rates  firoa  jxI (HSea-i  to  975  sec***,  Clastic  aodulii  varied  froa  12  pal 
to  225  pel  over  tha  aaaa  range  of  strain  rates. 

Shear  stress  at  fracture  varied  froa  2,6  pai  to  15,2  pal  over  strain 
rates  froa  8xl0**3seo”*  to  O.Wac’^,  Tha  shear  aodulii  varied  froa  4.2 
pal  to  23  pel  over  tha  aaaa  range  of  strain  rates.  Fracture  strains  in 
tensile  teats  ranged  froa  0 ,?2  to  2,4  over  tha  range  of  strain  rates 
investigated, 

1 

A visooelastic  transition  is  found  between  strain  rates  of  8x10"^ 

! esc*1  and  2xl0“3s*c"^,  An  ultrasonic  wave  velocity  of  1,56x10 5 ca/seo 

was  measured  at  2,23<K  , with  a corresponding  elastic  modulus  of 

3.7x105  pai.  The  ooeffioient  of  rolling  friction  is  between  1.4xl0“z 
J and  3. 5x10-2, 

! 

; Mo  piesoelectric  behavior  was  observed.  Application  of  fields 

« both  above  and  below  the  critical  field  strength  did  not  alter  the 

] stress  birefringenoe  of  the  gelatin,  A surface  polarisation  exists  on 

the  gelatin*  but  the  effect  ie  small  (a  few  av).  Fracture  surfaces  change 
j from  diffuse  reflectors  to  specular  reflectors  as  the  crack  propagation 

rate  increases. 
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APPENDIX  A 


DENSITY  OF  20%  GELATIN 


Type  of 
Preparation 

Density  (g/ml) 
Measurements 

Avg. 

Avg. 

Deviation 

Large  - 8?50g 

1.059,  1.060 
1.059,  1.058 
1.094,  1.058 
1.058.  1.058 
1.061,  1.058 

I.O63 

t 0.005  ” 

Small  - 500g 

1.056,  I.O58 
1.059,  1.060 
1.060,  1.060 

1.057,  1.057 

1.058,  1.058 

1.058 

- 0.001 

Small  - 500g 

1.058,  1.058 
1.057,  1.057 
1.058 

1.058 

- 0.001 

Small  - 500g 

1.060,  1.061 
1.060,  1.061 
1.060,  1.060 
1.059,  1.060 

1.060 

- 0.001 
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APPENDIX  B 


THERMAL  CONDUCTIVITY 


Run  1 8/6/73 


V » 12  V 
D * 300  ohms 

radius  of  gelatin  specimen  1,94  cm 

thickness  of  gelatin  specimen  0.814  cm 

temp,  of  specimen  against  source  10,8°C 

temp,  of  specimen  against  sink  2.0° 

temp,  diff,  across  sample  8,8°G 


Bower  «=  I2R  = V2/R  = 144  V2/ 300  ohms  <=  0.480  watts 


thermal 

conductivity 


0.480  watts  0.814  cm 

4.184  watts  sec,  (1.94  cm)2  (8.80c) 
calorie 


T.C.  »=  0.000895  cal/ (sec  cm2)  (°C/cm) 
Run  2 8/27/73 


V - 12V 
R = 200  ohms 

radius  of  gelatin  specimen  2.03  cm 

thickness  of  gelatin  specimen  I.32  cm 

temp,  of  specimen  against  source  20.6°C 

temp,  of  specimen  against  sink  0.0° 

temp,  diff,  across  sample  20.6°C 


Power  = I2R  = V2/!?  = 144^/200  ohms  J.720  watts 


thermal  _ 0.720  watts (1.82  cm) 

conductivity  4.184  watts _sec  (2.08  cm)2  (20.6°C) 

calor?  e 

T.C.  « 0.000851  cal/(sec  cm2)  (°G/cm) 

Run  8 8/28/7^ 

V = 12  V 
R « 200  ohms 

radius  of  gelatin  specimen 
thickness  of  gelatin  specimen 
temp,  of  specimen  against  source 
temp,  of  specimen  against  sink 
temp.  diff.  across  sample 


2.08  cm 
1.26  cm 
19.8°C 
0.0° 
19.8°G 


Power  = ^/R  «=  144  ^/ZOO  ohms  = 0.720  watts 

thermal  _ 0,720  watts (1,26  cm) 

conductivity  4.184  watts  sec  (2.08  cm)2  (19.8°C) 

calorie 

T.C.  = 0.000806  cal/ (sec  cm2)  (°C/cm) 
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APPENDIX  C 

SPECIFIC  HEAT  CALCULATION 


Specific  heat  of  hexane  in  CRC  Handbook  of  Chemistry  of  Physics. 
36th  edition,  p 2100,  is  0.600  cal/g  °C. 

Quantity  of  heat  lost  by  hexane  1 

(0.600  cal/g°C)  (mass  of  bath)  (temp,  change  of  bath) 

= calories  lost  by  bath 

Calories  lost  by  bath  *=  calories  gained  by  sample 
Specific  heat  of  sample 

Calories  gained  by  sample = Specific  heat 

(mass  of  sample)  (temp,  change  of  sample)  of  gelatin 

Classes  1-4 

The  bath  lost  calories;  the  temperature  change  of  the 

bath  was  2 -4° C ; the  mass  of  bath  was  3^0-500  &• 

Temperature  change  of  sample  was  around  15°C. 

Class  5«  multi-sample  runs,  3 blocks  Immersed 

The  bath  lost  around  600  calories;  the  temperature  change  of 
bath  was  6-10°C;  the  mass  of  bath  was  100-200  g. 

Temperature  change  of  sample  was  around  6-10°C. 

See  pages  7 through  9 for  explanation  of  classes  1 through  5» 


1S1 


Preceding  page  blank 


THE  DENSITY  OF  GELATIN  VERSUS  COMPOSITION 
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APPENDIX  D (Cont'd) 
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APPENDIX  F 

SUMMARY  OF  DENSITY  - STORE  TIME  MEASUREMENTS:  SERIES  A 


Sample  Weight  Weight  in 

Number  in  Air  (r,)  Hexane 


Storage  Void 
Container  Enclosed 


Bbw.-v7  Pi. 

062 

Avg.  density  of 

,062 

samples  1-10= 

,060 

1.062 +0.001g 

.062 

-4 

.062 

.061 

.063 

.061 

s=8.8  x 10  * 

. 064 

1 

.065 

1 

.070 

1 

.083 

1 

.082 

1 

.076 

1 

.073 

1 

.078 

1 

.079 

1 

.034 

1 

.079 

1 

.094 

1 

,u84 

1 

.090 

2 

.181 

L* 

.089 

1 

.089 

1 

.090 

1 

.146 

2 

.094 

2 

..060 

T 

± 

-.151 

2 

..081 

1 

-.134 

2 

..101 

1 

..117 

2 

-.107 

1 

. 120 

2 

-.230 

4 

L.477 

2 

L.284 

4 

L.139 

2 

L.289 

4 

L.226 

2 

1.314 

4 

1.103 

2 

1.306 

4 
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APPENDIX  F (Coni' d) 


Sample 

Number 

Weight 
in  ~ir  (ft? 

Weight  in 
Hexane  (z) 

Density  g/ml 

Storage 

Container 

Void 

Enclosed 

46-36 

8.34 

3.81 

1.243 

2 

_ 

49-37 

7.19 

3.45 

1.302 

4 

- 

50-37 

8.95 

4.06 

1.23? 

2 

- 

51-38. 

6.23 

3.03 

1.305 

4 

- 

52-3* 

8.12 

3.70 

1.284 

2 

- 

12-38 

8.24 

3.88 

1.266 

1 

- 

21-38 

9.78 

4.33 

1.202 

1 

- 

53-41 

6.37 

3.22 

1.316 

4 

- 

54-41 

8.04 

3.71 

1.255 

2 

- 

55-42 

6.75 

3.27 

1.314 

4 

- 

56-42 

7.34 

3.47 

1.281 

2 

- 

57-43 

6.44 

3.11 

1.314 

4 

- 

58-43 

7.61 

3.60 

1.286 

2 

- 

59-44 

6.14 

3.00 

1.330 

5 

- 

60-44 

8.42 

3-79 

1.234 

2 

B 

61-48 

7.13 

3.34 

1.274 

5 

B 

62-46 

7.87 

3.60 

1.254 

2 

B 

13-46 

6.16 

2.99 

1.313 

1 

- 

2?-48 

7.68 

3.47 

1.234 

1 

B 

63-50 

6.44 

3.12 

1.316 

5 

- 

64-50 

6.61 

3.18 

1.310 

2 

- 

16-50 

6.81 

3.26 

1.308 

1 

- 

38-51 

5.97 

2.88 

1.314 

2 

- 

39-51 

6.47 

3.13 

1.319 

4 

- 

16-51 

6.77 

3.27 

1.314 

1 

- 

40-52 

6.79 

3.28 

1.312 

2 

- 

41-52 

5.02 

2.44 

1.326 

4 

- 

15-52 

7.34 

3.50 

1.319 

1 

- 

42-55 

6.56 

3.18 

1.324 

2 

- 

43-55 

6.53 

3.20 

1.324 

4 

- 

16-55 

6.60 

3.26 

1.315 

1 

- 

44-57 

6.53 

3.19 

1.310 

2 

- 

45-57 

6.50 

3.20 

1.328 

4 

- 

16-5? 

6.64 

3.24 

1.314 

1 

- 

H-58 

7.25 

^.54 

1.321 

1 

- 

46-58 

6.99 

3.41 

1.318 

2 

- 

47-58 

5.48 

2.69 

1.323 

4 

- 

B : Void  enclosed  in  gelatin  sample 

- t No  void  enclosed 
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APPENDIX  G 


« 


SIM-1ARY  OF  DENSITY  - STORE  TIME  MEASUREMENTS:  SERIES  B 


Sample 

Number 

Weight  in 
Air  (g) 

Weight  in 
Hexane  (s') 

Density  p:/ml 

1-OB 

29.23 

IO.56 

1.060 

2 -OB 

28.32 

10.26 

1.060 

3-OB 

31.93 

11.47 

1.054 

4-3B 

28.81 

10.55 

1.071 

5~4B 

26.81 

9.86 

1.069 

6-5B 

23.21 

8.64 

1.075 

7-6B 

26.41 

9.75 

1.072 

8-7B 

23.07 

8.5? 

1.073 

9-10B 

22.51 

8.43 

1.084 

10-11B 

23.23 

8.76 

1.005 

11-12B 

21.06 

7.95 

1.009 

12-13B 

18. 65 

7.15 

1.099 

13-14B 

20.28 

7.84 

1.106 

14-18B 

16.02 

6.31 

1.115 

15-19B 

14.92 

6.01 

1.134 

1-20B 

10.33 

5.14 

1.345 

2-21B 

L2.93 

5.3^ 

1.143 

3-24B 

11.77 

5.03 

1.184 

4-2  5B 

11.37 

4.92 

1.192 

1-25B 

9.74 

5.46 

1.207 

5-26B 

12.86 

5.24 

1.150 

6-27B 

9.26 

4.05 

1.211 

7-27B 

7.78 

3-3^ 

1.254 

6-31B 

7.78 

3-57 

1.254 

6-33B 

7.37 

3.45 

1.267 

8-33B 

7.74 

3.55 

1.250 

11-34B 

8.38 

3.86 

1.254 

14-35B 

7.44 

3.46 

1.262 

1-40B 

6.84 

3.28 

1.293 

2 -413 

6.74 

3.21 

1.287 

Enclosed 

Void 


B : Enclosed  void  in  gelatin  sample 
- x No  enclosed  void 
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APPENDIX  H 


SURFACE  POLARITY  OF  GELATIN  SOLIDS 


Surface 

Sample 

1 

Sample 

1-A 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

top  when 
cast 

~5mv 

-9mv 

-2mv 

+2mv 

+4mv 

•+4mv 

bottom  when 
cast 

-2 

-8 

-2 

+1 

-1 

+7 

side  1 

-3 

-4 

+1 

+1 

+4 

side  2 

-8 

-4 

+7 

+3 

t4 

side  3 

-4 

-2 

+6 

+7 

+3 

side  4 

+3 

-2 

+5 

+3 

+2 

top  when  -1 

cast 

(interchanged 

electrodes) 

+3 

+3 

bottom  when 

+3 

-4 

-1 

cast 

(interchanged. 

electrodes) 

Sample  1 was  cast  in  lucite  molds,  9 days  old 

Sample  1-A  old  surfaces  melted  away,  new  surfaces  exposed 

Sample  2 was  cast  in  lucite  mold,  9 days  old 

Sample  3 " " " glass  " , 19  hours  old 

Sample  4 " " " cardboard  mold  largely  in  darkness,  also  w 's 

prepared  in  darkness 

Sample  5 was  prepared  and  cast  largely  in  darkness  in  glass  mold 
immersed  in  hexane  during  measurements 

The  potentials  listed  are  with  respect  to  a ground  electrode,  which 
in  each  case  is  on  the  face  opposite  the  listed  "surface".  Cases 
listed  as  "interchanged  electrodes"  follow  the  same  convention,  except 
the  electrodes  are  physically  interchanged.  All  electrodes  are  chromium 
plated  steel. 
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APPENDIX  I 


CROSSHEAD  VELOCITY  FOR  GAS  GUN  TESTS 

Let  m «=  projectile  mass 

M «=  moveable  crosshead  mass 
v0  * initial  projectile  velocity 
v *■  final  projectile  velocity 
V *=  final  crosshead  velocity 

The  crosshead  is  Initially  at  rest,  so  conservation  of  momentum  requires t 
mv0  = mv  + MV  (l) 

and  conservation  of  energy  requires  t 

mv£  = mv^  + MV2  (2) 

2 2 2 

rewriting  (2): 


but  rewriting  (l)j 


so  (3)  can  be  rewritten  as: 

m = m / v \ 2 + /m\2  / v \2 
M mCv0)  V.MJ  V,  v0) 

collecting  terms,  this  becomes: 

+sN'° 

using  the  general  solution  to  a quadratic  equation,  and  then  simplifying, 
we  get: 

th) 

In  this  case: 


m = 1 


v =1,-1 
v0  2 

v = lai^no  impact 
vo 

v = - 1_  v = - Vp  physically  meaningful 
v0  2 2 

Therefore:  V = m / v0  ~ = i (vo  + “ lo 

M v 3 v 2 t 2 
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APPENDIX  J 

COEFFICIENT  OF  ROLLING  FRICTION 

Let  W - work  done  on  one  wheel  by  the  dropping  weight 

y m u 4-  y 

X_  var 

W|_  *=  work  done  with  string  A.  to  radius  of  pulley 
Wvar  = work  done  with  string  at  a variable  angle  to  pulley 
just  before  string  pulls  off  pulley 

- MgH  - Mg  (23") 

where  H ■ distance  weight  falls  with  string  Xto  radius 

wvar  ” cos®-  d«  *=  Mgr  sin  ®max 

where  & is  the  angle  the  wheel  rotates  through  after  the 
string  is  no  longer  X radius,  and©niaoc  Is  the  ancle  at  which 
string  pulls  off  pulley 

®max  ,=  3a!!  = 2&1  =0.61  radians 

rpulley  53/4 

wvax  - M«  (5  3A")  sin  (0.6l)  = Mg  (3.2") 

v = Wx+  wvar  = Mg  (23"  + 3.2") 

• W = 26.2"  Mg  foot-lbs,  where  Mg  is  in  lbs. 

12" 


Let  U represent  the  total  energy  loss  of  the  system 

let  uq  = energy  loss  of  1st  wheel  due  to  gelatin  in  "n"  revolutions 

let  U2  = energy  loss  of  2nd  wheel  due  to  gelatin  in  "n"  revolutions 

let  = energy  loss  of  1st  wheel  due  to  other  dissipation  mechanisms 

in  "n"  revolutions 

let  = energy  loss  of  2nd  wheel  due  to  other  dissipation  mechanisms 
in  "n"  revolutions 

Then  U ■ uq  +U2  +u°  +u° 

let  N = normal  force  (load)  on  gelatin 

theny^roii  N = frictional  force  in  direction  of  rotation 

so-^roll  N(rDn)  = ui  tug 

where  D = wheel  diameter  (including  gelatin) 


If  wheel  #1  turns  qq  Limes  with  energy  input  wq  when  there  is  no  contact 
between  the  two  wheels, 

And  if  \,neel  #2  turns  qp  times  with  energy  input  wq  when  there  is  no 
contact  between  the  two  wheels, 

Then  the  total  energy  loss  (when  there  is  no  contact,  between  wheels)  per 
revolution  is  given  by 

2£l  + iH 
11  12 
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APPENDIX  J (Cont’d) 

Then  the  total  energy  loss  (with  no  contact)  for  "n"  revolutions  is 
uf  +u£  - nwx  / 1 +1  \ 

Ux  <12 

Calihration  runs  at  the  highest  initial  velo  dty  (the  5*3  It  weight) 
showed  wheel  #2  turns  3A  the  number  of  turns  wheel  #1  makes  before 
it  stops  when  there  is  no  contact  between  wheels. 

<1*.  ■ 3A  qi 


* * # * 
revolutions  when  the  wheels  are  in 


where  N = normal  force  between  wheels  in  lbs. 

D = wheel  diameter  including  gelatin  in  feet  = 2.13  ft 

W = (2.18)  x (drop  weight  in  lbs)  ft-lbs  used  when  wheels  are 
in  contact  (same  W is  used  for  each  wheel) 

n - number  of  revolutions  before  stopping  when  wheels  are  in 
contact 

wq  = (2. 18)  x (drop  weight  in  lbs)  ft-lbs  used  when  wheels  are 
not  in  contact  (same  weight  used  on  each  wheel) 

q = number  of  revolutions  of  wheel  ftl  before  stopping  when 
1 wheels  are  not  in  contact 


u?  + u£  = nw,  A 1 + 4 |=2.  nwi 

1 *1  3qJ  3 


So*tf=  2W  = uq  + u2  + uq  + u2  in  "n" 
contact 

2W  =/*  ron  N»Dn  + 2_  nwq 

8 qi 

.%  ^roll  =-2^L  - 2±L 

trNDn  3qqNirD 
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